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ABSTRACT

The prescnt study has investigated the spontaneous rhythmic activity induced in the in
vitro neonatal rat spinal cord by pharmacological block of synaptic inhibition.
Intracellular recordings from lumbar motoneurons under current-clamp conditions
revealed that the GABA, receptor antagonist bicuculline (20 uM) elicited irregular
paroxysmal bursting activity, while no bursting was observed in the presence of the
glycine receptor antagonist strychnine (I pM). Nevertheless, an extremely regular
rhythmic bursting pattern was consistently observed when bicuculline and strychnine
were simultaneously applied to the cord. Rhythmic bursts were large amplitude (>20
mV) depolarizing events appearing at a frequency of about 2/min. Individual bursts
lasted for several s and comprised several intraburst oscillations at 2-6 Hz. The efficacy
of bicuculline and strychnine antagonism was tested with exogenous application of
GABA or glycine, that failed to affect dorsal root (DR) evoked motoneuron responses in
the presence of the respective antagonist. Bursting activity persisted in the presence of
the GABAg antagonist CGP 52 432 (10 uM). Under voltage-clamp conditions, rhythmic
bursts were detected as rhythmic currents with inward polarity at negative holding
potentials and outward polarity at positive holding potentials. These results suggest that
bursts were synaptically generated on motoneurons via excitatory receptors.
Simultaneous recordings from ventral roots revealed that bursting activity was strongly
synchronized throughout all lumbar motoneurons. Nevertheless, antidromic stimulation
of a motoneuronal population failed to affect bursiing timecourse, suggesting that
rhythmic bursts were produced by a premotoneurcnal network. Glutamatergic
transmission was shown to play a prominent role in such a network since bursts were
suppressed by the non NMDA receptor antagonist CNGX (20 uM) and were abolished
or slowed down by NMDA receptor antagonists APV (20 uM) or CPP (10 uM). In the
presence of cyclothiazide, a selective blocker of AMPA receptor desensitization, bursting
was accelerated and lost its sensitivity to NMDA receptor antagonists. Rhythmic bursts
were accelerated up to cycle periods < 10 s by several agents that are also able to induce
or accelerate locomotor activity, including 5-HT, NMDA o“r increases in extracellular

potassium. Several cellular mechanisms potentially involved in rhythmogenesis were
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tested in the disinhibited spinal cord. Apamin (0.4 pM), a selective blocker of calcium-
activated potassium conductances shortened both cycle period and burst duration
without changing their reguiar rhythmicity Block of inward rectifier conductances by
caesium (4 mM) reversibly hyperpolarized the motoneuron membrane potential and
largely increased burst duration, while cycle period and rhythmicity remained unaltered.
Ouabain (10 uM), strophanthidin (4 uM) or potassium-free solutions disrupted rhythmic
bursting which was changed into irregularly occurring paroxysmal events of variable
duration. These findings suggested that the electrogenic sodium pump operation played a
prominent pacemaker role in the disinhibited spinal cord. The interaction of afferent
synaptic inputs with the rhythmogenic network was also studied. Repetitive DR
stimulations entrained bursts on a one-to-one basis when delivered at periods between 2
and 20 s. Within this range, evoked burst duration strongly decreased when the
stimulation period was reduced; these data enlightened a strong plasticity of the
rhythmogenic network. At stimulation period < 2s bursting activity became uncoupled
from DR stimuli and resumed its spontaneous periodicity. Similar results were obtained
with stimulation of the ventrolateral descending fibres. Localization of the rhythmogenic
networks was investigated by means of selective lesions. Complete coronal spinal
transection at L3 or L6 level did not block bursting recorded from LS or L2 roots,
respectively. Longitudinal midsagittal hemisection preserved bursting activity in both
disconnected sides. Removal of dorsal horns did not affect burst frequency or left-to-
right synchronicity while it reduced burst duration. An isolated ventral quadrant
displayed enhanced burst frequency while bursts became very short events, suggesting
that the oscillatory intraburst structure was dependent on a larger circuitry comprising
either both ventral horns or one side of the spinal cord.

The present findings show that regular spinal rhythmicity does not require synaptic
inhibition and raise the possibility that a mechanism based on excitatory processes could
underlie rhythm generation during stereotyped motor activities. It is proposed that in the
absence of synaptic inhibition bursts might arise from reciprocal excitation of a group of
spinal interneurons and that an outward current generated by the electrogenic sodium
pump in such interneurons might be responsible for maintenance of quiescent interburst

intervals.



INTRODIICTION

1. Synchronous rhythmic behaviour is widespread in the mammalian central

nervous system.

The ability to generate synchronized oscillatory activity appears to be a distinctive
feature of the mammalian central nervous system (CNS), in which this kind of
behaviour can be recorded under certain conditions from several neural structures.
Rhythmic activity generated by assemblies of neurons can be detected by means of
different recording techniques. Electroencephalographic recordings are used to detect
surface field potentials arising from the collective activity of a large number of neurons.
Intratissue extracellular recordings, in which an electrode is placed in close proximity to
nerve cells or fibres, are used to detect the activity of a more limited number of neural
units. Intracellular recordings, performed by means of sharp glass microelectrodes or
patch-clamp electrodes, allow monitoring the timecourse of single neuron membrane
potential (or transmembrane current if the membrane potential is clamped by an
amplifier).

The introduction of intracellular recordings revealed that the single-neuron correlate of
the electroencephalographic (EEG) waves is constituted by membrane potential
oscillations comprising periodic patterns of action potentials (Steriade et al, 1993,
Steriade et al, 1994: Bal et al, 1995). These oscillations take place synchronously in a
large number of neurons: it 1s this feature that allows EEG techniques to detect this
type of behaviour with distal electrodes, that can only monitor spatially-averaged
population activity.

Traditionally, two different mechanisms by which a network of neurons can produce
rhythmic behaviours are considered (Steriade et al, 1993). Rhythmic activity can be

generated by a network of neurons by means of synaptic contacts between its elements
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even if these elements are not intrinsically able to produce a similar rhythmic behaviout
when synaptically isolated (network-driven rhythmicity). Alternatively, neurons

provided with an intrinsic apility to produce wembrane potentia! osciilatiors (duc to
particular voltage-dependent conducian<c) can be resporsible for rhythrmc pattern
generation (pacemaker neuron-driven rhythmicity), like in the case of cardiac tissue, in
which rhythmic contractions are generated by intrinsic cellular oscillations (D1
Francesco et al, 1986). Even if the distinction between network-driven and pacemaker
neuron-driven rhythmogenesis is often useful, it is important to note that synaptic
contacts are always necessary to assure synchronization of individual oscillators, so that
“oscillations of isolated neurohs can be transformed by interaction with other neurons
into less stereotyped rhythmic patterns” (Steriade et al, 1993). Furthermore, neuronal
intrinsic membrane properties will ultimately affect network-driven activity, since they
determine the input-output relation for any nerve cell, so that in certain cases it could
be difficult to establish whether a neuron is actually generating its “intrinsic”
oscillations within a rhythmic network.

As far as the forebrain is concerned, several rhythmic patterns can be detected during
different behavioural states. In particular, different phases of sleep are accompanied by
major changes in EEG recordings, that undergo a transition from low amplitude-fast
frequency to large amplitude-low frequency activity when a mammal falls asleep.
Thalamic and cortical networks are involved in the generation of the slow wave
patterns that characterize resting sleep (reviewed by Steriade et al, 1994). Thalamic
networks have heen shown to produce “spindle waves” , i.e. waxing and waning bursts
of oscillations (at 7-14 Hz) that characterize the early phase of sleep. These oscillations
have been shown to arise from a dynamic interplay between thalamocortical and
reticular thalamic neurons, connected by an excitatory-inhibitory synaptic loop that
plays a major role in the generation of this behaviour (Bal et al, 1995; Lee and
McCormick, 1996; Bal and McCormick 1996). Delta waves (1-4 Hz) appear in a later
phase of sleep and arise in cortical layers II-V. Unlike spindle waves, that rely upon
synaptic interactions, delta oscillations can also be produced by isolated neurons via an
interplay of two intrinsic membrane currents (the hyperpolarization-activated cation

current I and the transient, low-threshold calcium current I,; Steriade et al, 1993);



even ip this case, however, synaptic connections are obviously needed in order to
ensure synchronization. Slow sleep oscillations (<1Hz) are also generated within
coriicat cirenits and appear to be synaptically generared i pyrariudal celis {Steriade ot
al, 1993).

Fast spontaneous oscillations (20-100 Hz) have been recorded in aroused animals in
several parts of the cortex (following sensory stimulation) as well as in the
hippocampus (reviewed by Engel et al, 1992; Jefferys et al, 1996); this type of evidence
suggested that “the conventional notion of a totally desynchronized cortical activity
upon arousal should be revised as fast rhythms are enhanced and synchronized within
intracortical networks during brain activation” (Steriade et al, 1996). In the
hippocampus, in addition to fast oscillations, the so called theta rhythm (4-12 Hz)
seems to be a prominent feature, especially during spatial exploration (Bragin et al,
1995). As far as pathological conditions are concerned, rhythmic paroxysmal
synchronization of neuronal activity is well known to take place during epileptic
seizures (Dichter, 1988). Interestingly, a particular epileptic syndrome, namely absence
seizures, is considered to be a “perversion” of spindle waves oscillations associated
with a decreased functionality of fast synaptic inhibition (Bal et al 1995).

While important progress has been undoubtedly achieved in the understanding of the
cellular and network mechanisms that underlie the generation of some of these patterns
(Steriade et al, 1993; Contreras and Steriade 1996; Lee and McCormick, 1996; Bal
and McCormick 1996), the overwhelming complexity of forebrain organization has so
far prevented a satisfactory, widely accepted comprehension of the functional role of

the various rhythmic patterns.

2. Central pattern generators underlie repetitive motor activities

An important class of rhythmic patterns in the CNS is the one expressed by
motoneurons. Such patterns are generated by neuronal networks located in the spinal
cord or in the brainstem and are related to the generation of stereotypic motor tasks -
such as mastication, respiration, locomotion, scratching etc. The basic features of such
motor activities have been shown to be generated by central networks even in the

absence of descending inputs and of sensory afferent feedback (for a review see



Grillner, 1981 and Rossignoi, 1996), although this feedback is necessary to ensure
correct adaptation of motor output to environmental changes (for a discussion see
Katz, 1996). The neural networks able to procace rhytimc patterns of motor activity
in the absence of sencory feedback are referred to as central pattern generators (CPGs).
Unlike oscillatory patterns generated in the forebrain, the functional role of patterns
generated by spinal (or brainstem) networks is generally well identified, since the
corresponding motor activities can be easily observed at a macroscopical level in the
intact animal. Nevertheless, the cellular and network mechanisms underlying central
pattern generation in mammals are still unclear, nor it is clear whether a common
rhythmogenic mechanism supports disparate motor patterns, as discussed in the

following subheadings.

3. Organization of the spinal cord

The spinal cord is the most caudal structure of the central nervous system (CNS) and,
with its cylindrical appearance, the one that most closely resembles in shape the
embryonic neural tube from which the CNS develops. At its rostral end, the spinal cord
borders with the most caudal part of the brainstem (the medulla), that can be viewed as
an intracranial, enlarged extension of the spinal cord. Since it contains most of the
motoneurons innervating the body muscles, the spinal cord plays a major role in the
motor function of vertebrates, and is considered as the lower station of a hierarchical
motor system including the brainstem and the motor cortex. By receiving
proprioceptive and sensory input from internal organs, muscles and skin, the spinal
cord also plays a crucial role in relaying and/or processing somatosensory information.
Spinal networks are connected to supraspinal centers by ascending and descending
pathways. Important relay stations of the ascending pathways from the spinal cord to
the cerebral cortex are found in the bramstem and in the thalamus, while descending
pathways involve, in addition to direct corticospinal tracts, the basal ganglia, the
cerebellum and the brainstem (Brodal, 1981; Kuypers, 1981).

As far as the basic structure is concerned, the anatomical organization of the spinal
cord appears to be the same in the different mammals in which it has been studied

(Rexed, 1964). The spinal cord is contained in the vertebral column through which the
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spinal nerves emerge via intervertebral foramina. Spinal nerves are mixed since they
contain sensory and motor {ibres. Sensory primary afferent fibres (whose cellular bodies

are contained in the dorsal roo: gzagiia ovisdle the

(@]

ord) enter the spinai ¢ord at
several levels from the dossal aspect through the dorsal roots (DR). At the came levels,
efferent motoneuronal axons leave the cord ventrally through the ventral roots (VR).
VR and DR ipsilateral pairs fuse near the DR ganglia to form mixed spinal nerves. The
spinal cord is subdivided into cervical, thoracic, lumbar and sacral segments. Two
enlargements characterize the spinal cord at cervical and lumbar level, where a larger
number of motoneurons innervating forelimbs and hindlimbs, respectively, is located.
The outer part of the spinal cord is formed by white matter that mainly contains
ascending (in the dorsal, lateral and ventral columns of the white matter) and
descending axons (ventral columns); the inner region is formed by grey matter mainly
containing the nerve cells. A cross section of the spinal cord (fig I.1, top) reveals the
symmetrical, butterfly-shaped appearance of the grey matter, with each hemicord
formed by one dorsal horn (elongated toward the point where dorsal roots enter the
cord), an intermediate region and one large ventral horn. The schematic drawing of fig
I.1 (bottom) also shows the nine laminae (1-10) in which the grey matter is divided,
plus the grey matter surrounding the central canal (10). Such laminae, originally
described by Rexed (1952), are characterized by different morphological features and
their surfaces are roughly parallel to the ventral and dorsal surface of the cord; most of
them extend longitudinally along the whole length of the cord, even though their shape
can vary at the cervical and lumbar enlargements.

Motoneurons are the only neurons that make synaptic contacts with nonneural tissue
(i.e. muscle fibres); motoneurons innervating a given muscle in the limbs or trunk lie
clustered in individual motor nuclei; such nuclei are cigar-shaped, longitudinal
structures located in the ventral part of the ventral horn (lamina 9); at lumbar level,
motor nuclei expand medially and laterally, forming two or more distinct motor
columns (see fig I.1, adapted from Paxinos and Watson, 1986). Two kinds of
motoneurons are present in mammals (even if motoneurons with mixed features are
also reported): alpha motoneurons, innervating extrafusal striated muscle fibres and

producing muscular output force and gamma motoneurons that innervate intrafusal



Fig L.1. Cross section of the spinal cord at lumbar level.

Cross section at L5 level of the spinal cord of an adult rat (top) and schematic drawing of laminae 1-

10 (bottom). Motoneurons are mainly contained in laminae 9 and 8. CC: central canal. (Adapted from
Paxinos and Watson, 1986).
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muscle fibres within muscle spindle receptors and modulate the sensitivity to muscle
displacement of group Ia or II afferents that innervate such receptors. Group la
afferenis convey cerrally micimaien about muscle length while gioup 1T afferents
siginal muscle length variation. Another importan: group of afferents (Ib) arises from
Golgi tendon organs and signal muscle tension. The conduction velocity of myelinated
fibres is proportional to fibre diameter (Hunt, 1954). Group Ia afferents are the fastest
afferent fibres (90-120 m/s in the adult cat); group Ib afferents are slightly slower (70-
90 m/s) and group II afferents conduct at 35-75 m/s (Hunt, 1954). Afferent fibres
conveying somatic or pain sensation are also classified according to their diameter and
conduction velocity: AB>AS>C. With the exception of C group, all these afferents are
composed by myelinated fibres. The synapses of primary afferents on spinal (or
brainstem) neurons are thought to be always of excitatory type (Burke, 1990). The only
afferents that are thought to impinge monosynaptically on motoneurons are group Ia
fibres (these fibres also excite several classes of interneurons in the dorsal and ventral
laminae). In vitro experiments have shown that the excitatory action of Ia fibres on
postsynaptic targets is mediated by the amino acid glutamate and that this
neurotransmitter acts both on N-Methyl-D-Aspartate (NMDA) and non NMDA
receptor subtypes (Pinco and Lev-Tov, 1993a). These glutamate-gated channels are
permeable to cations but are responsible for excitatory post synaptic potentials (EPSPs)
characterized by different timecourse and voltage dependence (Mayer and Westbrook,
1987; Jonas and Spruston 1994).

Group I and II fibres, as well as cutaneous afferents, are involved in several spinal
reflexes that have been extensively investigated starting from the last century (reviewed
by Baldissera et al, 1981). The study of mono- and polysynaptic reflex pathways has
cast light over a number of relatively simple spinal circuits. These include (among
others) the circuits mediating the stretch reflex (in which stretching a muscle excites Ia
afferents that in turn excite motoneurons innervating the same muscle, thus promoting
its contractions) reciprocal inhibition, in which Ia afferents arising from a given muscle
excite a class of interneurons located in the intermediate laminae (Ia interneurons) that
in turn inhibit motoneurons innervating antagonist muscles; recurrent inhibition of

motoneurons by a group of interneurons (Renshaw cells), that are excited by
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motoneuron axon collaterals (reviewed by Baldissera et al, 1981). The spinal circuits
related to recurrent and reciprocal inhibition and elucidated by reflex studies are
diustrated ui the diegram of fir 1.2 (adapted rrom Baldisgera et al, 1851).

Synaptic iohibition of motoneurons by the interneurons activated in ticse reflex
pathways has been shown to be mediated by the inhibitory amino acids glycine and
GABA that act on ligand-gated channels (i.e. glycine and GABA, receptors) mainly
permeable to chloride (Burke, 1990; Gao and Ziskind-Conhaim, 1995). Motoneuron
terminals release acetylcholine at the neuromuscular junction (Dale et al, 1936;
Matthews-Bellinger and Salpeter, 1978) and at synapses that they form onto
interneurons and other motoneurons (Eccles and al, 1954). Stimulation of muscle or
cutaneous afferents was found to reduce group Ia EPSPs in motoneurons without
producing detectable inhibitory post synaptic potentials (IPSPs). This phenomenon is
associated with a depolarization of the primary afferents (PAD) and is considered to be
due to a presynaptic axo-axonic inhibition of the Ia terminals (Burke, 1990).
Presynaptic inhibition is thought to be mediated by GABA, receptors that exert a
depolarizing action on primary afferent terminals presumably due to the fact that the
chloride equilibrium potential is more positive than the resting membrane potential in
these terminals (Burke, 1990; Stuart and Redman 1992); an involvement of GABAg
receptor subtypes, whose activation causes no depolarization in primary afferents, has
also been shown and has been suggested to be due to reduced influx of calcium in the
terminals (Burke, 1990). Presynaptic inhibition is fully abolished by the GABA
antagonist picrotoxin (Nistri, 1983; Sivilotti and Nistri, 1991).

Despite the important progress achieved in the comprehension of reflex activity, a
satisfactory understanding of the enormous complexity of the spinal organization is
undoubtedly still far to come. Furthermore, the apparent simplicity of some spinal
reflexes has been revealed to be deceptive; reflex pathways are not independent of each
other: different reflexes may involve common classes of interneurons; furthermore these
interneurons (and the reflexes to which they participate) can in turn be strongly
modulated by supraspinal inputs or by other spinal networks such as central pattern

generators (reviewed by Burke, 1990).
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Fig 1.2. Descending and afferent synapnc inputs to an inhibitory interneuron.

Oversimplified scheme showing the organization of descending and afferent synaptic inputs to an
inhibitory interneuron (Ia IN) involved in reciprocal inhibition between antagonist motoneurons
(MNs). Recurrent inhibition of motoneurons by Renshaw cells and its interaction with Ia IN is also
partially illustrated. Open circles and bars denote excitatory neurons and synapses, respectively. Filled

circles denote inhibitory neurons and synapses. (Adapted from Baldissera et al, 1981).



4. Spinal pattern generation studied in vivo.

At the end of the last century Sherrington (1898) observed that cats, dogs and monkeys
can perforii iocomotios: aile: a comnpiete transection of the spimnal cord and proposcd
that this activity was produced in mammals by a chain of reflexes, requiring afferent
inputs for its maintenance. However, in 1911 Brown observed locomotor movements
after spinal section in vivo even when dorsal roots are cut bilaterally, thus
demonstrating the presence of an intrinsic spinal pattern generator responsible for
locomotion. The hypothesis that the central program for locomotion can be fully
expressed by spinal networks even in the absence of sensory feedback has been firmly
established many years later in the cat. In this animal a well coordinated pattern of
locomotor activity can be detected from peripheral nerves even after block of muscles
by curare (“fictive locomotion” i.e. without real limb movement) or after section of DR
fibres (Grillner, 1981, Pearson and Rossignol, 1991; Rossignol, 1996), two conditions
under which afferent inputs cannot play a role in rhythmogenesis. Experiments on cats
and rodents have also proved that coordinated locomotor or airstepping behaviour can
be performed by spinal animals (i.e. with the spinal cord completely isolated from
supraspinal structures) (reviewed by Rossignol, 1996). Thus, it is widely accepted that
a central pattern generator entirely located within the spinal cord is responsible for the
basic features of the locomotor program.

Central pattern generation is usually studied in vivo by means of muscle fibre
recordings (electrcinyograms) or nerve recordings (in which the activity of several
nerves supplying identiffed muscles is monitored). An example of simultaneous
electromyograpic recordings from some extensor and flexor hindlimb muscles in an
adult intact cat during treadmill locomotion at 0.4 m/s is presented in fig 1.3 (adapted
from Rossignol, 1996). While locomotion is roughly characterized by rhythmic
alternating bursts of activity in flexor and extensor muscles within one limb, detailed
phase-relations and burst duration of the numerous muscles subserving the ankle, the
knee and the hip during one step cycle are complex (Rossignol, 1996; Kiehn and
Kjaerulff, 1996). Another rhythmic pattern that has been studied is scratching, that,
unlike locomotion, involves the use of only one hindlimb. During scratching the pattern

of muscle activation is similar to but distinct from locomotion (Gelfand et al, 1988) and
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Fig 1.3. Electromyographic (EMG) recordings of coordinated locomotor activity.

Electromyograms from the hindlimb muscles of a normal cat chronically implanted with EMG
electrodes and walking on a treadmill at 0.4 mys. iSt ipsilateral semitendinosus. iSrt: ipsilateral
sartorius anterior. iGL: ipsilateral lateral gastrocnemius. iVL: ipsilateral vastus lateralis. coVL:

contralateral vastus lateralis. (Adapted from Rossignol, 1996).



the circuitry responsible for this activity have been proposed to be in part overlapping
with those responsible for locomotion (Rossignol, 1996).

A reguscted arsa of the brainstem termed mesencephalic wcomoior region (MLR) has
been found to play an impozt:nt role in the supraspinal control of locomotion. In fact,
in the decerebrate cat, treadmill locomotion is induced by electrical stimulation of this
region (Shik et al, 1966); under these conditions, locomotion speed can be increased by
increasing stimulation intensity, but locomotion frequency is not simply related to the
stimulation pattern. Chemical stimulation of the MLR by GABA antagonists has also
been shown to induce locomotion (Garcia-Rill et al, 1985). These observations
indicated that a descending synaptic input arising from the brainstem is converted in a
rhythmic pattern by the spinal pattern generators. Further studies suggested that
induction of locomotor behaviour may result from sequential activation of the medial
reticular formation and ventrolateral spinal pathways by the MLR, although alternative
pathways (involving the pontomedullary locomotor strip that link the MLR to
propriospinal neurons) have also been considered (Rossignol, 1996).

The observation that stimulation of the MLR can evoke locomotion promptly
stimulated investigators to check whether the descending command initiating
locomotion can be mimicked by exogenous application of neurotransmitters or their
agonists. Several agents have been found to be able to induce or boost locomotor
activity. In particular, experiments on spinal cats have revealed that administration of
the noradrenaline precursor L-DOPA (together with nialamide, a monoamine oxidase
inhibitor; Grillner, 1981) or of the -2 noradrenergic receptor agonist clonidine
(Forssberg and Grillner, 1973) can evoke locomotion. Serotoninergic agonists can
facilitate locomotion but fail to induce it in spinal cats in which clonidine can induce
such a behaviour (Barbeau and Rossignol, 1991). Glutamate mediated transmission has
heen shown to play a central role in locomotion, since application of either NMDA or
non-NMDA antagonists blocks brainstem-evoked locomotion and co-application of
NMDA and a glutamate uptake blocker induces fictive locomotion (Douglas et al,
1993). These experiments have not clarified, however, whether glutamate receptors are
necessary for the operation of central pattern generators, for the transmission of

descending commands to such generators or for both.
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The role played during locomotion by specific interncuronal classes involved in reflex
pathways has been tested in paralyzed cats during MLR stimulation. By using selective
antagonisis of glveinergic or cholinergic trancrassion it has been concluded that Ia
interneurons and Renshaw cells do not play an essentiai role in controlling locomotion,
that has been suggested to result from a spinal network independent of motoneurons or
Renshaw cell activity (Pratt and Jordan, 1987).

An important issue is whether the ability to produce centrally generated motor patterns
is innate in mammals or whether it develops during early life possibly due to motor
experience. Developmental studies performed on embryonic and neonatal cats have
suggested that the basic motor program responsible for stereotypic activities 1S innate
and that “the basic circuitry is present right at birth and its full manifestation is
contingent upon the development of other intrinsic and extrinsic factors, a conclusion
(also) reached by work on chick embryo and tadpoles in which developmental issues
can be studied on a wider developmental scale” (Rossignol, 1996).

The cat has also been extensively used to investigate in vivo the complex issue
concerning the modulation of locomotor activity by proprioceptive and sensory afferent
inputs as well as the phase-dependent modulation of reflex activity during locomotion
(reviewed by Rossignol, 1996). Fictive locomotion evoked by MLR stimulation has
been shown to be entrained on a one-to-one basis by sinusoidal movements imposed to
the hip joint, specifically due to periodic muscle stretch (Kriellaars et al, 1994).
Furthermore, cutaneous reflexes have been found to be modulated during locomotion
in a phase-dependent manner different for each individual muscle, so that a given
muscle can be excited, inhibited or unaffected by the same stimulation during different
phases of the step cycle (Drew and Rossignol, 1990).

Of particular relevance are experiments showing that mechanical constraint applied to
one hindlimb during locomotion impairs the normal rhythmic activity of motoneurons
supporting that hindlimb but not of motoneurons innervating the contralateral hindlimb
(Edgerton et al, 1976; Grillner, 1981). The observation that rhythmic activity can take
place in some motoneuronal pools while it is impaired in others have pushed these
investigators to formulate the “unit burst generator” hypothesis, according to which

each synergistic group of muscles acting on a particular joint is subserved by a specific



burst generator (i.e. a spinal network able to produce rhythmic bursting); different
stereotypic motor behaviours such as locomotion, scratching, paw shake, etc. would

then result from appiopriate phase-coupiin of szverwi unit burst generators.

5. Spinal pattern generation studied in vitro.

Several vertebrate preparations maintained in vitro have also been found suitable for
studying spinal rhythmogenesis. An important advantage of in vitro experimental
conditions is that they allow a finely-tuned pharmacological control that is usually
impossible in vivo (Rossingol, 1996).

Spinal pattern generation has been extensively studied in spinal preparations isolated
from lower vertebrates (such as lamprey and frog embryo); these studies have provided a
detailed knowledge of several cellular processes involved in spinal rhythmogenesis; since
a comparable knowledge is still missing for the mammalian spinal cord, lower vertebrates
provide an important experimental model for higher vertebrate function. In vitro
preparations from birds (especially the chick embryo) have also provided important
notions on spinal rhythmogenesis, and are particularly suitable for investigating the early
lifetime development of motor functions. Recently, rodent spinal preparations in vitro
have been introduced to study central pattern generation, thus allowing a more detailed
investigation of the pharmacological sensitivity of the rhythm generating networks in
mammals. Some important findings obtained with these preparations are summarized

below.

Lamprey is a primitive fish in which swimming consists of a sinusoidal eel-like body
movement during which each of the about 100 segments produces a rhythmic activation
of body muscles characterized by left-right alternation (reviewed by Grillner et al 1991,
1995). Rhythmic activity of two adjacent segments displays a phase-delay of
approximately 1% of the cycle period (independent from cycle duration), with the rostral
segments bursting earlier during forward locomotion (and viceversa during backward
swimming). In the lamprey spinal cord maintained in vitro, fictive swimming can be
elicited by bath application of NMDA, o-amino-hydroxy-5-methyl-4-isoxazolepropionate

(AMPA) or kainate, and can be recorded from ventral roots (as schematically illustrated
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in fig 1.4A, adapted from Grillner et al, 1991), in which rhythmic alternating bursts of
motoneuronal activity are present. NMDA-induced patiern is siower (i.e. in the lower
part of the physiological buist fiuquency e than AMPA or kainate-induced rhythm
(that is in the mudale or upper part of thie physiological burst frequency range; Schotland
and Grillner, 1993), as illustrated in fig 1.4B (adapted from Grillner et al, 1991). The
basic rhythmogenic mechanism in the lamprey spinal cord appears to be contained within
a few segments, since a reduced preparation consisting of two or three segments can still
display rhythmic alternating bursting (Grillner et al, 1995). Longitudinal intersegmental
coordination is believed to result from excitatory (mainly mediated by glutamate
receptors) and inhibitory (mainly mediated by glycine and GABA receptors) coupling of
the different segments; several models have been proposed to explain how such a
coupling can produce a rostrocaudal phase delay (Tegner et al 1993; Hagevik and
McClellan, 1994). The neural circuitries of segmental rhythmogenic networks have been
widely studied and detailed diagrams have been proposed (as illustrated in fig 1.4C.
adapted from Grillner et al, 1991). Reciprocal inhibition between left and right neuronal
pools (mediated by contralaterally projecting, glycinergic interneurons) is a prominent
feature of these circuits and is believed to play a crucial role in rhythmogenesis (Grillner
et al 1991). According to this view, when two (spontaneously active) pools of neurons
are linked by reciprocal inhibition, alternating rhythmic activity is automatically generated
(since only one pool can be active at a given time), as long as additional mechanisms that
favour burst termination in the active pool (and consequent activation of the previously
silent one) are considered (Grillner et al 1995). One of this mechanism could be delayed
activation during a burst of a lateral inhibitory interneuron (LIN in fig 1.4C) acting on the
contralateral projecting interneuron (CCIN in fig [.4C) responsible for inhibition of the
contralateral side (Grillner et al, 1991). Activity-dependent turning on of calcium-
dependent potassium channels (Sah, 1996) has also been proposed to be involved in
burst termination, since block of these channels by apamin decreases burst frequency (El
Manira et al, 1994). Application of 5-HT during fictive swimming has also been found to
decrease burst frequency, at least in part due to its inhibitory action on calcium-
dependent potassium channels (Wikstrom et al, 1995). Lamprey spinal neurons display

intrinsic membrane potential oscillations induced by application of NMDA and resistant
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Fig 1.4. Fictive locomotion in the lamprey spinal cord in vitro.

A: schematic drawing of a typical experimental configuration in which suction electrodes are applied
to bilateral pairs of ventral roots 7 and 19. B: Alternating patterns recorded from left and right ventral
roots of the same segment in the presence of 100 uM N-Methyl-Aspartate (NMA) or 10 uM kainate.
C: diagram of synaptic connections in the segmental circuit. EIN: excitatory interneuron. CCIN:
contralaterally, caudally projecting interneuron. LIN: lateral interneuron. MN: motoneuron. (Adapted
from Grillner et al, 1991).
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to the sodium channel blocker tetrodotoxin, that abolishes action potential-mediated
synaptic transmission (Traven et al, 1993: Moore et ai, 1993). Such intrinsic pacemaker
wOpeitics - e aied cousideren prnortant ror lamprey thythmoegenesis and in particular for

burst terimuztion (Grillner et al 1995).

In the superfused, paralysed Xenopus embryo, episodes of fictive swimming can be
elicited by sensory stimulation or excitatory amino acid agonists application and are
characterized by rhythmic, left-right alternated activation of motoneurons (Dale and
Roberts, 1984; Arshavsky et al, 1993; Soffe, 1996). Like in the lamprey spinal cord.
glycinergic reciprocal inhibition is thought to play a crucial role in Xenopus embryo
pattern generation (Dale 1995). Electrical synapses between motoneurons and mutual
glutamatergic excitation of ipsilateral spinal neurons are also considered important
factors for rhythmogenesis (Perrins and Roberts 1995; Roberts et al, 1995). Like in
lamprey spinal cord, in the Xenopus embryo apamin sensitive potassium channels have
been shown to contribute to burst cycle and motor episode termination (Wall and Dale,
1995). A recent report (Dale and Gilday, 1996) has shown that in the Xenopus embryo
purinergic transmission is implicated in locomotor episodes maintenance and termination,
since ATP (or a related substance) is released during swimming and reduces voltage-
gated potassium currents, thus increasing the excitability of the spinal motor circuits.
Adenosine, that is also produced during motor activity, reduces the voltage-gated
calcium currents, and lowers the excitability of the motor circuits, thus opposing the
actions of ATP. A gradually changing balance between ATP and adenosine therefore
seems to underlie the run-down of the motor pattern for swimming. Another rhythmic
activity that can be observed under fictive conditions in vitro in the Xenopus embryo is
struggling. Although behaviourally distinct, swimming and struggling motor patterns
appear to be generated by similar interneuronal mechanisms and the gradual transition
from one to the other offers an interesting example of behavioural switch between two
distinct motor activities under controlled pharmacological conditions (Soffe, 1993; Green

and Soffe, 1996; Soffe 1996).



The chick embryo spinal cord isolated in vitro is also suitable to study pattern generation,
since it displays spontaneous or stimulation-evoked episodes of rhythmic activity
characterized by alternaticn: bevween flovor aid extensor metoneurons (Landmesser and
O’Donovan, 1984), as flustrated in fig 1.5 (adapted from Ho and $’Donovan, 1553} in
which the typical bursting activity of femorotibialis (knee extensor) and sartorius (hip
flexor) nerves during a motor episode is depicted. This preparation has provided
important insights about localization and segmentalization of the rhythm generating
networks (Ho and O’Donovan, 1993). In this system, the ability to express rhythmic
activity has been found to be distributed along the rostrocaudal axis of the cord, while
even a single, isolated segment can to perform rhythmic activity. The rostral lumbosacral
segments display a greater rhythmogenic capacity than the caudal ones. A strong degree
of synchronization for motoneuronal activity is present along the rostrocaudal axis, and
appear to be mediated by propriospinal pathways travelling in the ventrolateral white
matter and by synaptic interactions within the grey matter. Selective lesions have
revealed that rhythmic activity with alternation persists in spinal cords in which the dorsal
and medial halves have been removed or in an isolated ventral quadrant. A thin strip of
lateral or ventral grey matter is still able to perform rhythmic activity, even if alternation
is lost in this reduced preparation. These results suggest that rhythmogenesis and
alternation are produced by anatomically distinct networks that can be affected
separately. The neural substrate necessary for alternation appears to be located
dorsomedial to the lateral motor column, while the capacity for rhythmogenesis is more
widely distributed throughout the ventra! grey matter (Ho and O’Donovan, 1993). The
neurotransmitters involved in chick embryo spinal rhythmogenesis have also been
investigated by means of local and bath application of several antagonists (Sernagor et al
1995). These studies have confirmed that alternation and rhythmogenesis are controlled
by two distinct mechanisms (since for instance local application of the GABA,
antagonist bicuculline to the ventral side of the cord converted a flexor-extensor
alternating rhythm into a synchronous one without altering burst frequency).
Furthermore it has been suggested that the synaptic drive from a premotor rhythm-

generating network onto motoneurons is mediated by a circuit comprising GABA-ergic
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Fig 1.5. Motor activity in the chick embryo spinal cord.

A typical episode of motor activity in the chick embryo spinal cord in vitro (evoked by single pulse
stimulation of the dorsal surface of the thoracic cord). Rhythmic bursts appear in alternation in the
sartorius nerve (SART) and in the femoralis nerve (FEM), both recorded with suction electrodes.
(Adapted from Ho and O’Donovan, 1993).‘,



and glutamatergic interneurons and responsible for flexor-extensor motoneurons phasing

(Sernagor et al, 1995).

The neonatal rat spinal cord maintained in vitio ronaing viable for many hours when
superfused with a saline solution that reproduces the composition of the cerebro-spinal
fluid (Otsuka and Konishi, 1974). This preparation has been used to study central
pattern generation since 1987, when Kudo and Yamada reported that bath-application
of NMDA produces locomotor-like activity in a spinal cord-hindlimb preparation of
neonatal rat. A brainstem-spinal cord preparation with hindlimb attached has also been
shown to produce a locomotor output in response to electrical stimulation of the
brainstem, with only minor changes occurring after dorsal root cut (Atsuta et al, 1991).
A brainstem-spinal cord preparation, with the brainstem superfused separately from the
spinal cord, has been shown to produce locomotor patterns after application of several
agents (including the neuropeptide substance P and bicuculline) to the brainstem (Smith
et al, 1988). Following these reports, fictive locomotion has been extensively studied in
isolated spinal cord preparations of neonatal rat by means of recordings from bilateral
pairs of lumbar ventral roots. A possible complication of this technique is that an
individual ventral root often contains axons innervating antagonist muscles, so that a
flexor-extensor alternating activity can be masked when recorded from ventral roots
(Cowley and Schmidt, 1994a). A study based on peripheral nerves recordings has
shown that although alternating patterns of rhythmic activity can be induced in lumbar
ventral roots of the necnatal rat spinal cord by bath application of cholinergic,
serotoninergic and glutamatergic agonists, these patterns are not always compatible
with locomotion, since flexor-extensor alternation can be absent (Cowley and Schmidt
1994b). While acetylcholine- and NMDA- induced patterns (in the presence of
edrophonium) have been found to be often incompatible with locomotion, 5-HT-
induced patterns usually comprise locomotor-like flexor-extensor alternation. These
findings have been extended and confirmed by an ample electromyographic study in
which hip, knee and ankle flexors and extensors muscles have been monitored in a
hindlimb-attached spinal cord preparation (Kiehn and Kjaerulff, 1996). Under these

conditions, 5-HT-induced patterns in the neonatal rat display muscle phasing very



similar to that observed in adult mammals, as illustrated in fig 1.6 (adapted from Kiehn
and Kjaerulff, 1996). This study has also shown that L2 or L5 ventral roots mainly
contain the axoms of flexor or extensor motoneurons, respectiveiy, and thus can be
efficiently used for fictive locomotion monitoring (Kiehn and Kjaerulff 1596).
Alternating patterns induced by bath application of 5-HT or NMDA have been shown
to display a strong frequency dependence on the concentration of these agents
(Cazalets et al, 1992). In this study burst frequency has been shown to increase with
increasing doses of 5-HT or NMDA in a range between 4 and 60 cycles/min. The
effects of several doses of 5-HT are illustrated in the example of fig I.7A and in the plot
of fig I.7B (adapted from Cazalets et al, 1992). A dose-dependent acceleration of
fictive locomotion is also caused by raising extracellular potassium concentration from
2 to 6 mM (Sqalli-Houssaini et al, 1993). While patterns induced by individual
application of 5-HT or NMDA are sometimes expressed only transiently, a very stable
pattern can be elicited by coapplication of both agents, a cocktail that is now routinely
used (Sqalli-Houssaini et al, 1993, Kjaerulff and Kiehn, 1996).

The presence of a dual control over the CPG, comprising a facilitating component
mediated by glutamatergic synaptic transmission and an inhibitory component mediated
by GABAergic processes has been proposed (Cazalets et al, 1994). This hypothesis is
based on the observation that NMDA-induced patterns can be slowed down or blocked
by bath application of GABA agonists (acting either on GABAA or GABAg receptors),
while non saturating concentrations of the GABA4 antagonist bicuculline speed up
burst frequercy.

A controversial issue is the one regarding the localization of the CPG responsible for
locomotion. In the neonatal rat spinal cord in which locomotion is induced
neurochemically, the fluorescent activity-marker sulphorhodamine labels neurons
especially in the intermediate grey (laminae VI-VII) and in the area surrounding the
central canal (lamina X) (in addition to motoneurons; Kjaerulff et al, 1994).
Intracellular recordings from lamina VII interneurons have revealed that these cells
receive a rhythmic synaptic input during fictive locomotion (MacLean et al, 1995).
Lesion studies have shown that a flexor-extensor alternating pattern can still be

observed after longitudinal sagittal hemisection of the cord and that both left-right and
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tig 1.6. 5-HT-induced electromyographic (EMG) pattern in the neonatal hindlimb-attached spinal
cord preparation.

A. Drawing of the preparation and of some muscles used for recordings (see amplifier symbols). B.
EMG activity of different hindlimb muscles following 5-HT application (30 uM). Note change in
timescale (the earlier stage of 5-HT application is presented at a lower time expansion). IL: iliopsoas.
RF: rectus femoris. SM: semimebranosus. TA: tibialis anterioris. ST: semitendinosus. MG: medial

gastrocnemius. (Adapted from Kiehn and Kjaerulff, 1996).
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Fig 1.7. Dose-dependence of 5-HT induced-fictive locomotion.
A. Bilateral recordings from left and right L3 ventral roots are used to monitor fictive locomotion
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decreases from 12 to 6 s when 5-HT concentration is raised from 25 to 250 pM. (Adapted from
Cazalets et al, 1992).
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flexor-extensor alternation is preserved after removal of dorsal horns (Kudo et al, 1991;
Kjaerulff, and Kiehn, 1996); furthermore the segments located caudally to L2 (as well
as those located rostraily} have besic shewn o display rhythmogenic ability when
surgically isclated (Kjaerulff, and Kichn, 1996). These data are similar to those
obtained in the chick embryo (Ho and O’Donovan, 1993) but in marked contrast with
those of Cazalets et al (1995) that, by partitioning the spinal cord by vaseline walls and
applying 5-HT and NMDA only to certain segments, have suggested that the network
that organizes locomotion in the newborn rat is not segmentally distributed but is
restricted to a specific part of the cord, namely the L.1-L2 segments. According to these
authors a CPG located in the upper lumbar segments is responsible both for
rhythmogenesis and alternation and can transmit a coordinated motor output to the
motoneurons of more caudal lumbar segments via monosynaptic connections. By
means of vaseline barriers these authors have also studied the neurotransmitters
involved in the synaptic drive from CPG to motoneurons and have concluded that it
consists of alternating periods of synaptic inhibition (mediated by glycine) and
excitation (mediated by NMDA and non-NMDA glutamate receptors) (Cazalets et al,
1996). Recent localization experiments have provided evidence in favour of a
distributed nature of the networks responsible for locomotor activity along the
rostrocaudal axis and have suggested that 5-HT and NMDA activated rhythmic
networks are differently localized within lumbar segments (Cowley and Schmidt, 1997).
The ability of afferent inputs to affect locomotor behaviour has been studied by means
of DR or ventrolateral afferent stimulation. A short train of electrical stimulations of a
DR (as well as selective activation of extensor afferents) has been shown to reset the
cycle phase of fictive locomotion; entrainment of fictive locomotion with repetitive
application of stimulation trains is possible only within a very narrow range of
frequencies. Similarly, ventrolateral (VL) afferent (Magnuson et al, 1995) or bilateral
DR (Sqalli-Houssaini et al, 1993) stimulations have been shown to affect fictive
locomotion timecourse and to modify its frequency in a limited range around the

spontaneous value.
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6. Proposed mechanisms for spinal rhythmogenesis.

Despite the growing amount of data available about pharmacology and localization of
the networks responsible for rhythmic pattern generation in the neonatal rat spinal cord,
little is known about the neural mechanisms that underlie spinal rhythmogenesis in the

mammalian spinal cord. In this regard, two popular hypotheses should be considered.

a) Following the original conjecture by Brown (1911), it has been proposed that
pattern generation in the neonatal rat could result from reciprocal inhibition
between antagonistic pools of neurons (half-centers model). According to this
model rhythmogenesis and alternation are generated by a single mechanism
(reciprocal inhibition), that keeps silent one pool of neurons while the other is active.
As mentioned before, reciprocal inhibition between left and right neurons has been
well documented in the spinal cord of lamprey and Xenopus embryo, for which
detailed models of the half-center circuitry and neurotransmitters involved have been
proposed (see fig 1.4C for lamprey segmental circuits). A difference between the
schemes proposed for lamprey and Xenopus embryo is that in the latter a positive-
feedback mutual excitation between elements of the same pool has been included to
explain burst maintenance (Roberts et al, 1995), while this feature is not apparent in
lamprey models (Grillner et al, 1995). Several cellular factors (including rebound
excitation mediated by voltage-dependent NMDA receptor channels, calcium-
dependent potassium channels activation and presynaptic inhibitory mechanisms) are
usually incorporated into models based on half centers in order to explain burst
termination in the active pool and subsequent activity-switching to the antagonist
pool. The concept of reciprocal inhibition between two half centers is particularly
simple to apply to lower vertebrates in which swimming activity is characterized by
simple left-right alternation of motoneuronal bursting at each segmental level. In
mammals, where also flexor-extensor alternation on each side is present, reciprocal
inhibition models have to consider that more than two pools should be linked by this
kind of relation or, alternatively, that left-right alternation and extensor-flexor

alternation may be produced by different mechanisms (Sernagor et al, 1995).



b) Pacemaker neurons (i.e. cells provided with intrinsic membrane properties that
allow the generation of rhythmic activity even in the absence of synaptic inputs)
have been proposed to play an important role in spinal pattern generation as well as
in respiration (Grillner et al, 1991; Kiehn, 1991; Hultborn and Kiehn 1992; Feldman
and Smith 1989). According to this hypothesis, a kernel of interconnected
pacemaker neurons may be able to transmit a rhythmic output to the rest of the
network. Spinal pacemaker neurons have been described in the lamprey spinal cord
in the presence of exogenous NMDA. In this case membrane potential oscillations
are generated through a dynamic interplay between voltage-dependent NMDA-
gated channels (whose auto-regenerative opening is responsible for the depolarizing
phase of the oscillation) and calcium-activated potassium channels (that repolarize
the cell following calcium entry through NMDA receptors and voltage-dependent
calcium channels), as described by Grillner et al (1991). In the neonatal rat spinal
cord, interneurons performing intrinsic oscillations have been found at different
laminar locations (Hochman et al 1994a; Kiehn et al 1996; see below for a
description). The ability to generate plateau potentials (i.e. cellular depolarizations
initiated by an external input but sustained by intrinsic membrane mechanisms) is
another mechanism potentially involved in central pattern generation. This property
can allow a neuron to amplify and/or prolong a synaptic signal (Kiehn, 1991). As in
the case of pacemaker neurons, the ability to generate plateau potentials may depend
on the presence of voltage-dependent inward currents. In fact, depolarization-gated
conductances can give rise to a negative-slope region in the current-voltage
relationship of these neurons. In turn, this property may be associated with the
existence of a second dynamically-stable state, i.e. a membrane potential level (more
positive than the resting one) at which there is no net current flux and to which the
cell would return after small synaptic perturbations (Schwindt and Crill, 1984).
Bistable behaviour has been shown to occur in vertebrate motoneurons (reviewed by
Hultborn and Kiehn, 1992), and interneurons (Kiehn et al 1996). It is important to
note that reciprocal inhibition and pacemaker neurons are not mutually exclusive

hypotheses, and have been integrated in computational models (Grillner et al 1995).



In particular, turn off of NMDA dependent oscillations is thought to contribute to

burst termination in the half centers of the lamprey spinal cord (Grillner et al 1991).

7. Reciprocal inhibition and pacemaker neurons in the neonatal rat spinal cord

In the neonatal rat spinal cord, fast synaptic inhibition is mainly mediated by
GABAergic and glycinergic transmission (Young and Macdonald, 1983; Davidoff and
Hackman, 1984). The currents gated by these amino acids are mostly mediated by
chloride ions (Gao and Ziskind-Conhaim, 1995) and exert a depolarizing action on
motoneurons during embryonic development and during the first days of postnatal life
(Takahashi, 1984, Wu et al, 1992). At the level of interneuronal somatosensory
pathways the action of these receptors appears to shift from an excitatory to an
inhibitory function around embryonic days 18-19; in fact, starting from this age
blockade of either GABA, or glycine receptors strongly increases DR-evoked
polysynaptic responses of motoneurons both in amplitude and duration of (Wu et al,
1992) and destroys left-right alternation of NMDA-induced patterns (Kudo et al,
1991). These changes in the effects of GABA, and glycine receptors are probably due
to a shift of reversal potential for CI' towards more negative values during embryonic
development (Wu et al, 1992, Gao and Ziskind-Conhaim, 1995). For the neonatal rat
spinal cord direct demonstration and identification of the synaptic processes mediating
reciprocal inhibition are still lacking. Nonetheless, reciprocal inhibition between left and
right sides is considered to be predominantly mediated by glycine receptors (Cazalets et
al, 1994). GABAergic transmission has been proposed to exert, on the central pattern
generator, an inhibitory action that can counterbalance the action of excitatory amino
acids (Cazalets et al, 1994). However, other authors have suggested that GABA,
receptors are also involved in reciprocal inhibition (Cowley and Schmidt, 1995).

As far as intrinsic oscillations are concerned, neurons endowed with such properties
have been described in neonatal rat spinal slices in the area surrounding the central
canal and have been proposed to play a role in spinal rhythmogenesis (Hochman et al,
1994a); m these cells pacemaker ability is maintained in the presence of tetrodotoxin
and, like in lamprey spinal neurons, it depends on the presence of bath-applied NMDA,

presumably due to the peculiar voltage dependence of these receptors. However, these



pacemaker properties have not been directly related to locomotor activity. Recently
whole-cell recordings from rhythmically activated interneurons of laminae VII and X
during fictive locomotion have been reported (Kiehn et al 1996). A smalil fraction of
these cells has been found to display plateau potential properties and an even smaller
fraction has been found to produce transient, intrinsic oscillations during washout of
locomotion-inducing drugs.

As far as motoneurons are concerned, NMDA-induced, tetrodotoxin-resistant
oscillations and plateau potentials have been reported in the neonatal rat (Hochman et
al, 1994b), but it has not been possible to assess a direct involvement of these

properties in locomotor activity.

Nevertheless, in the recent past several experimental findings have challenged the view
of reciprocal inhibition and NMDA-dependent pacemaker neurons as the main
rhythmogenic factors in the rat spinal cord.

In embryonic rat spinal cord, NMDA application elicits a synchronous rhythm in left
and right VRs up to embryonic day 17 (E17), while left-right alternation appears only
after E18; the early synchronous rhythm is insensitive to blockade of GABA4 or glycine
receptors, suggesting that inhibitory processes are not required for its generation (Kudo
et al, 1991). Furthermore, during late embryonic stages at which alternation is present,
application of glycine receptor antagonists converts it into a synchronous rhythm
(Kudo et al, 1991). Similarly, left-right alternating patterns induced by 5-HT, NMDA
or acetylcholine in the neonatal rat have been shown to be converted into left-right
synchronous rhythmic patterns by pharmacological block of either GABA4 or glycine
receptors (Cowley and Schmidt, 1995); analogous results have also been reported for
the lamprey spinal cord after block of glycine receptors (Cohen and Harris-Warrick,
1984; Alford et al, 1990; Hagevik and McClellan, 1994). A dissociation between
alternation and rhythmogenesis suggests that reciprocal inhibition (that is expected to
generate always alternating activity) is not required for spinal rhythmicity.

As far as pacemaker neurons are concerned, the observation that fictive locomotion can
persist after removal of extracellular magnesium (Kiehn et al, 1996) or in the presence

of NMDA antagonists (Beato et al, 1997), two conditions that should have impaired



the operation of NMDA receptor-dependent pacemaker neurons, suggests that such

intrinsic properties are not required for spinal pattern generation in the rat spinal cord.

8. Block of synaptic inhibition

The observation mentioned above that pharmacological block of glycine or GABA,
receptors converts alternating patterns into synchronous ones suggests that inhibitory
synaptic processes are required for time-phasing of spinal patterns in different
motoneuronal pools but raises a question about the functional role of inhibitory
synaptic transmission for rhythmogenesis in the neonatal rat spinal cord. In this light it
is important to note that pharmacological disinhibition has been shown to induce
rhythmic behaviour in several CNS preparations.

In hippocampal slices in vitro synchronous bursting can be elicited by pharmacological
block of GABA, receptors by picrotoxin (Hablitz 1984; Miles et al, 1984; Traub et al.
1993). Hippocampal bursts are usually initiated by a longer “primary” depolarization
(accompanied by firing activity) and followed by several shorter ‘“secondary”
depolarizations appearing at decreasing frequency (Traub et al, 1993; Merlin et al,
1995). An example of this activity, in which bursts appear at regular intervals, is
illustrated in fig 1.8 (adapted from Merlin et al, 1995). These bursts are abolished by
block of non NMDA glutamate receptors, while block of NMDA receptors abolishes
secondary depolarizations while preserving the primary events (Lee and Hablitz, 1990;
Traub et al, 1993). Excitation of a single neuron has been shown to be sufficient to
initiate a synchronized population discharge (Miles and Wong, 1983). Recurrent
excitatory connections between CA3 pyramidal neurons are believed to play an
essential role in the genesis of these synchronous events (Traub et al, 1993; Taylor et
al, 1995). Spontaneous-like events can also be evoked by antidromic stimulation of the
Schaffer collaterals and entrainment at frequencies larger than the spontaneous one has
been reported (Merlin et al, 1995). An interplay between mutual excitation of pyramidal
neurones (mediated by glutamatergic synapses) and intrinsic membrane properties
generating oscillations in the dendrites of pyramidal neurons) has been proposed to
underlie hippocampal bursting in the absence of synaptic inhibition (Traub et al, 1993).

Bursting expressed by hippocampal slices in vitro has been related to epileptic seizures
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300 ms

Fig 1.8. Rhythmic bursting activity induced by picrotoxin in the hippocampus.

Intracellular recordings (under current-clamp conditions) from a CA3 hippocampal neuron in the
presence of picrotoxin (50 uM). The faster timescale trace (right) depicts the structure of a single
bursting event, characterized by a primary burst (i.e. the first and longer lasting depolarizing event), by
several afterdischarges (ie. repetitive depolarizations following the initial one) and by a large
afterhyperpolarization (i.e. the persistent hyperpolarization that follows the last afterdischarge).
(Adapted from Merlin et al, 1995).
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as well as to physiologically-expressed hippocampal rhythms (Traub et al, 1993; Merlin
et al, 1995; Taylor et al, 1995), although the functional role of this activity is still to be
elucidated. Bursting activity induced by bicuculline has also been observed in vitro in
the cerebral cortex (Hwa et al 1991). In a brainstem preparation in vitro, rhythmic
respiratory output is not abolished by application of GAB’AA antagonists or chloride-
free solution, a condition in which the chloride reversal potential is expected to shift
toward a more positive value, thus eliminating the ability of synaptic inhibitory
processes to produce membrane hyperpolarization (Feldman and Smith 1989).

In organotypic slice cultures of embryonic rat spinal cord, a preparation in which the
synaptic organization present in a transverse plane of the cord is at least in part
preserved, pharmacological block of synaptic inhibition mediated by GABA, and/or
glycine receptors has been shown to convert random synaptic activity of motoneurons
into rhythmic clusters of EPSPs (with an average frequency of 5 Hz) that are grouped
into bursts separated by quiescent intervals lasting several seconds (Streit, 1993). This
activity has been shown to be blocked by antagonists of non NMDA glutamate
receptors but not of NMDA receptors, that decrease burst rate without affecting burst
length; focal stimulation of spinal neurons elicits spontaneous-like bursts if delivered
after a long quiescent interval, while low-amplitude, short bursts are evoked by
stimulations applied immediately after the end of a spontaneous burst or by repetitive
stimulations at 5 Hz. These findings, together with the observation that burst duration
and burst amplitude were both positively correlated with the duration of the preceding
quiescent interval, has suggested that frequency-dependent synaptic depression could
play an important role in burst termination; on the other hand, burst initiation has been
found to be independent of recovery from synaptic depression (Streit, 1993). This
bursting activity has been proposed to be possibly related to spontaneous embryo
motility (that is expressed before synaptic inhibition become functional) and to activity-
dependent strengthening of spinal synapses (Streit, 1993).

In the cat spinal cord in vivo, intravenous or local application of penicillin (an agent
that is known to antagonize GABAergic transmission) or strychnine (a glycine
antagonist) induces motoneuronal paroxysmal bursting that has been studied as a spinal

model of epileptic seizures (reviewed by Schwindt and Crill, 1984). While strychnine-
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induced bursts have been shown to be merely driven by massive, synchronized synaptic
inputs onto motoneurons, the longer penicillin-induced bursts (that can last several
seconds) appear to be only triggered by excitatory synaptic inputs; their maintenance is
rather accomplished by intrinsic membrane properties of motoneurons, that generate
plateau potentials due to a transiently-induced change in their steady current-voltage (I-
V) relation. This change is characterized by an increase in the negative slope of the I-V
curve, that results in a region of net inward current. This condition gives rise to a
second, depolarized stable level of the motoneuron membrane potential (as discussed
above). This modification in the I-V curve has been suggested to result from reduction
of a potassium outward current, due to potassium accumulation in the extracellular
space following the initial synaptic depolarization and to the consequent positive shift
of the potassium reversal potential. Such a condition would create a “vicious circle” in
which the initial depolarization induces further persistence in a depolarized state
(Scwindt and Crill, 1984).

A facilitation of locomotor activity in spinally transected cats has been reported to
occur following application of the GABA, antagonist bicuculline (Robinson and

Goldberger, 1985).

9. Aims of the present study

Many of the previously mentioned results show that the presence of synaptic inhibition
within a neural network is not a necessary condition for the generation of rhythmic
behaviour. The present study aimed at investigating whether rhythmogenesis can
spontaneously occur in the intact neonatal rat spinal cord after pharmacological block
of synaptic inhibition. Since the answer to this question turned out to be affirmative, an
investigation into the neuronal mechanisms giving rise to this behaviour was
undertaken.

Pharmacological block of synaptic inhibition provides an experimental simplification of
the spinal circuitries that can help enlightening important features of spinal networks
and their elements; furthermore, disinhibition can unmask those functional properties of

the system that rely on excitatory synaptic transmission only. The present data, by

o0
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bridging new data to the field so far described, should contribute to clarify the poortly

understood issue of spinal pattern generation.

Several issues concerning spinal rhythmogenesis in the absence of synaptic inhibition

have been addressed in the course of the present study. After an initial assessment of

the effective blockade of inhibitory synaptic processes, the experimental effort has been

mainly aimed at answering the following questions:

a.

Is this rhythmic activity expressed synchronously within motoneuronal pools

innervating different ventral roots?

. What kind of cellular and network mechanisms would underlie this rhythmic

activity? In particular, to what extent can motoneurons contribute to rhythmic
bursting? What is the role of NMDA and non NMDA glutamate receptor in the
rhythmogenic network? What are the ionic membrane mechanisms specifically
involved in this phenomenon?

What is the localization of the rhythmogenic networks at segmental and laminar

level?

. Is rhythmic bursting modulated by the agents that are known to induce and/or

modulate other spinal rhythms such as fictive locomotion?
To what extent can the rhythmogenic network operation be affected by afferent
synaptic inputs from physiologically relevant pathways such as dorsal roots or

ventrolateral afferent fibres?

As a corollary to the experimental findings a tentative model will be proposed to

explain rhythmic bursting in the disinhibited spinal cord in terms of cellular and synaptic

events in a premotoneuronal network. A schematic diagram for the connections

between rhythmogenic networks, afferent pathways and motoneurons will be

presented. The possible functional link between the networks giving rise to rhythmic

bursting in the absence of inhibition and those supporting fictive locomotion will be

discussed on the basis of the experimental data.



30

METHODS

1. Dissection.

The spinal cord (from low thoracic segments to cauda equina) was isolated from
neonatal rats ( 0-12 days old; PO-P12). For this purpose, the animal was anaesthetised
with an intraperitoneal injection (0.4-0.6 ml) of urethane solution (10% in distilled
water). When the animal lost the withdrawal reflex, it was rapidly decapitated with
scissors; the forelimbs and the ventral part of the body were removed and the animal was
eviscerated in order to expose the ventral aspect of the vertebral column. The remaining
skin was also removed. At this stage the body was washed in cooled (4 °C) oxygenated
artificial cerebrospinal fluid (ACSF; see below for composition) and fixed by pins
(ventral side up) to the sylgard bottom of a small petri dish containing ACSF at the same
temperature. Solution in the dish was continuously oxygenated and replaced every 2-4
min. The spinal cord was exposed by complete laminaectomy performed in the
rostrocaudal direction with small scissors under a microscope. Meningeal tissue was
removed from the exposed side, and dorsal and ventral roots were cut close to the cord,
with the exception of those to be used for stimulation or recording (these roots were left
as long as possible). Isolation of the cord was completed by removing the remaining

meningeal tissue on the dorsal side.

2. Superfusion.

After dissection the spinal cord was pinned to the Sylgard bottom of a recording
chamber (2 ml volume) and continuously superfused with ACSF fed by either gravity
(from a fixed level of 25 cm maintained by a peristaltic pump) or directly by such a pump
(5-8 ml/min). Gravity superfusion, that ensured constant flow also during drug

application, was mainly used for intracellular experiments (see below) that required a
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greater mechanical stability. Pump superfusion was used only for extracellular
recordings.

The following ACSF composition (in mM) was used: NaCl 113, KCI 4.5. MgCl,7H,0 1,
CaCl, 2, NaH,PO, 1, NaHCO; 25 and glucose 11, gassed with 95% 0,-5% CO.; pH 7.4,
at room temperature (20 °C). ACSF with this composition is also referred to as control
solution. The preparation was always allowed to recover for at least 40 min before the
experiment started.

In some experiments the concentration of chloride or potassium ions was changed. Low-
chloride solution was obtained by equimolar substitution of NaCl with Na-isethionate. In
this way the CI concentration was reduced by 94% (from 120.5 to 7.5 mM) while the
concentration of the other ions was unchanged.

Changes in external potassium concentration were obtained by setting the KCI
concentration in the bath solution at O (potassium-free solution) 1, 2, 4 or 8 mM instead
of the standard value (4.5 mM). These manipulations altered the chloride concentration

by less than 7 %. Therefore no compensation of chloride concentration was performed.

3. Experimental configurations

The neonatal rat spinal cord was used either for intracellular recordings from
motoneurons or for extracellular recordings from VRs (see below for recordings
techniques).

For mtracellular recording, the cord was pinned one side up and slightly rotated in order
to leave the ventrolateral part (containing the motor nuclei) more accessible for
penetration by the microelectrode, that was lowered vertically by means of a
micromanipulator (Narishige MX-4). For simultaneous ventral root recordings the
preparation was usually pinned ventral side up. Fig M.1 presents schematic drawings of
the experimental set-up used for intracellular (A) or VR recording (B) experiments. For
sake of clarity only a portion of the spinal cord is represented in these drawings in order
to show the grey matter. The spinal cord is presented with an upside-up orientation in fig
M.1A in order to make comparison with fig M.1B and with fig I.1 of the Introduction

section more convenient.
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Fig M.1. Schematic drawing of the experimental set-up used for intracellular or extracellular recordings.

In order to give prominence to the spinal grey matter only a portion of the spinal cord (that was intact during
experiments) is depicted. A. During intracellular recordings a lumbar motoneuron (MN) was recorded with a sharp
microelectrode (depicted as a straight line entering the MN) connected to an amplifier (see voltmeter symbol). The
corresponding ventral root (VR) was kept in a stimulating suction electrode (open box) in order to antidromically activate
(step in a circle symbol) the MN axon (represented as a filament leaving the cell and entering the VR). An ipsilateral
dorsal root (DR) at the same segmental level was also kept in a stimulating suction electrode in order to elicit mono and
polysynaptic responses from the impaled MN. B. For extracellular recordings, left and right VRs at the same segmental
level were usually recorded simultaneously with suction electrodes connected to an amplifier. One DR at the same
segmental level was kept in a stimulating suction electrode in order to activate afferent fibres.



During intracellular experiments, one VR and one ipsilateral DR at the same segmental
level were drawn into suction electrodes for antidromic or ortodromic stimulation,
respeciively, as shown in Fig M.IA (see below for stimulation proceduies). For
extracellular experiments, two lumbar VRs (usually right and left VRs at the same
cgmental level) were individually recorded with suction electrodes, while one DR was
drawn into a third suction electrode for stimulation (fig M.1B). In some experiments an
additional bipolar stimulating electrode was placed in contact with the ventrolateral
surface of the spinal cord at cervical or thoracic level in order to stimulate ventrolateral

descending fibres.

4, Electrical stimulation.

Miniature bipolar suction electrodes were used in order to deliver single or repetitive
electrical stimuli to either DR or VR. Such electrodes were made by heating and pulling
plastic cones or glass capillaries; one copper or tungsten wire was inserted within the
suction electrode, while another one was attached externally to it (close to the suction
electrode tip). The suction electrode tip diameter was chosen to closely fit the root to be
stimulated. Brief electrical pulses (0.1 ms duration; 0.1-10 V amplitude) were applied in
order to activate antidromically motor axons contained within VRs or to activate
selectively low threshold DR afferent fibres (Kiehn et al, 1992).

Tests were carried out to monitor the afferent volley induced by DR stimulation. For this
purpose, a 3 M NaCl-filled microelectrode was inserted at the site of entry of the dorsal
root at a distance of 3.5+0.5 mm from the stimulating electrode. The afferent volley
appeared as a biphasic waveform with the earliest detectable peak occurring at 0.5 ms
from the start of the stimulus artefact (any faster components could not be resolved from
the artefact). Such a peak corresponded to fibre activity with 6.3 m/s conduction velocity
and was associated with ventral root responses having latencies < 4 ms.

Ventrolateral descending tracts were stimulated via a bipolar tungsten electrode
consisting of two filaments insulated except that at their tip (0.026 mm diameter) and
placed in contact with the spinal cord lateral surface at the level of the low thoracic cord
(T11-T13). In this case stronger electrical pulses (0.1 ms duration and 5-40 V amplitude)

were usually required to elicit motoneuronal responses (Pinco and Lev-Tov, 1994).



For each preparation, stimulation intensity was expressed as times threshold (x T), where
T was the lower stimulation amplitude that was able to elicit an antidromic spike (for VR
sumufaticr) or a detectable pestsynaptic response (for DR or ventrolateryi siimulation).

c,
]

On a sample of preparations used for repetitive stimulation protocols {cee Results
section) threshold was measured for DR (T=1.8+0.5 V; n=28) or ventrolateral (T=18%4
V; n= 11) stimulation.

When protocols requiring repetitive activation of fibres were applied, stimulation

intervals were set with a Digitimer 400. During such protocols repetitive stimuli at a

given period were usually applied for 5 min (though in some cases for up to 15 min).

5. Recording techniques.

a. Intracellular recordings.
Intracellular recordings from motoneurons were performed with sharp glass
microelectrodes filled with 3 M KCI and connected via a 0.1X headstage (Axon
Instruments) to an amplifier (Axoclamp 2A, Axon Instruments). Electrode resistance was
25-70 ME. Current-clamp recordings were performed either in bridge or in
discontinuous current-clamp mode at 1.5-2 kHz. The sharp microelectrode was also used
to inject current into the cell (via the Axoclamp circuits). Motoneuron input resistance
was calculated as the ratio between the steady state hyperpolarization induced by
injection of a negative current pulse (500 ms) to the amplitude of the current injected
(usually 0.1 nA). Single-electrode voltage-clamp was performed with electrodes of
resistance <30 MQ using a switching frequency between voltage recording and current
injection of 2.5-3 kHz and a gain > InA/mV. Current and voltage signals were displayed
on line on an oscilloscope (Hewlett & Packard 54600A), a chart recorder (Gould
TA240) and a computer monitor (using PClamp software in Fetchex mode). Signals
were also digitised (VR-10B, Instrutech Corporation) and recorded on videotape for off-
line analysis. When stimulation protocols wrere used, data were usually also stored on-
line in a computer hard-disk via PClamp software (in Clampex mode; sampling interval

36 us- 1 ms).



Motoneurons were identified through antidromic stimulation: When the electrode was
lowered into the ventrai horn, single pulse stimulation at 0.5 Hz was applied to the
msilateral homologous vertral root. When the electrode reached » motor nuclees, such a
stimulation evoked a shert-latency (1-2 ms) mono or biphasic field potential due to
motoneuron population firing (Fulton and Walton, 1986a). At this stage electrode
resistance was monitored by brief (10 ms) pulses of negative current (0.1 nA). Increase
in the apparent electrode resistance was used as a diagnostic sign that the electrode
touched the membrane of a motoneuron. The “clear” command of the amplifier was used
in order to favour membrane penetration. After motoneuron impalement, ventral root
stimulation elicited a short latency (<2 ms, see fig R.2A-C of Results section) all-or-none
overshooting antidromic action potential (Fulton and Walton, 1986a). Examples of this
kind of responses are illustrated in fig R.2A-C of Results section. Only cells in which this

kind of response could be consistently elicited were considered as identified motoneurons

and included for analysis.

b. Ventral root recordings.
Ventral root recording was performed with miniature monopolar suction electrodes
made by glass capillaries. A silver/silver-chloride pellet (World Precision Instruments)
was inserted in the capillary (together with a suction tube) and connected to a low-noise
battery-powered DC-coupled amplifier (DAM 50, World Precision Instruments), usually
with 30 kHz lowpass filter. When slow drifts of the voltage signal made DC-coupling
unsuitable for recording, AC-coupled (100 Hz-10 kHz passband) amplification was used.
Signals were displayed on line on a chart recorder and tape-recorded for further analysis.
An additional 20 Hz low pass filter was sometimes used. The tip of the suction electrode
allowed entry of the entire length of VR and establishment of a seal between the tip and
the cord surface. Under these conditions DC-coupled ventral root recording was suitable
to detect not only firing activity but also slower membrane potential variations of the
corresponding population of motoneurons. In fact, while firing activity usually appeared
as biphasic signals under these recording conditions, slower polarization changes that
took place simultaneously in a large number of motoneurons preserved the same polarity

as those observed with intracellular techniques, as clearly demonstrated by comparison of



the stereotypical bursts recorded either from a single motoneuron or from a ventral root,
as shown for instance in fig R.5 of Results section. This fig also shows that bursting

ac:ivity could still be suitably detected wiw:n signals were AC coupled and/or lowpasiza

at 20 Hz (see Results).

6. Discrete lesions of the spinal cord

Lesions of the spinal cord were performed with a razor blade fragment under a
microscope in order to determine the localization of the rhythmogenic networks in the
absence of synaptic inhibition. When laminar lesions were performed, after
electrophysiological recordings the preparation was fixed with tissue-freezing medium
(Cryogel, Yung) and frozen at -80 °C; 60 pum slices were sectioned with a cryostat.
stained with toluidine blue (1% in distilled water) and examined with a Zeiss Axiovert

135 microscope (5x magnification).

7. Drugs

Drugs were bath-applied via the superfusion solution. For this purpose, stock solutions
of the agents (usually at concentrations 10° times larger than the final ones) were made in
distilled water or dimethylsulphoxide (in this case the solvent bath concentration was
<0.02%) and frozen in small aliquots (<1 ml). The final concentration was obtained by
dissolving an amount of the stock solution into the oxygenated ACSF. The following

drugs were used:

-0i-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)
-Y-aminobutyric acid (GABA)
-3-((RS)-2-carboxypiperazine-4-yl)-propyl- 1-phosphonate (CPP)
-5-hydroxytryptamine (5-HT)
-6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)

-apamin

-bicuculline methiodide (bicuculline)
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-carbacho!

-cyclothiazide

-glutamate

-glycine

-N-Methyl-D-aspartate (NMDA)
-N-Methyl-lignocaine iodide (QX 222)
-ouabain
-R-5-aminophosphonovalerate (APV)
-strophanthidin

-strychnine nitrate (strychnine)

-tetrodotoxin (TTX)

8. Data analysis

Quantitative analysis of bursting activity required a definition of several parameters. For
mntracellular and DC-coupled extracellular recordings, a burst was defined as a period of
sustained membrane depolarization above a threshold, that was set at 5-25 times the
standard deviation of the baseline noise (BSD, measured over 0.5-1 s during the
quiescent period immediately before the onset of a burst) depending on signal-to-noise
ratio conditions. Cycle period was defined as the time between the onset of one burst and
the onset of the subsequent one. Burst duration was defined as the time during which the
membrane potential remained above the preset threshold. Fig M.2 illustrates burst cycle
period and duration measurement in a typical intracellular experiment in which the BSD
was 0.37 mV and the threshold was set at 25xBSD. Definition of burst duraticii was
chosen in an attempt to include only the portion of this event that was manifestly driven
by synaptic currents. In fact, as shown in the example of fig M.2, when recorded
intracellularly under current-clamp conditions an individual burst was characterized by a
stereotypic oscillatory waveform (with superimposed action potentials) followed by a
long afterdepolarization (characterized by the absence of detectable synaptic events) that
persisted up to the onset of the following burst. Burst decay could be usually fitted by

the sum of two exponential functions, one with a fast decay time constant (139+£14 ms in
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the example of fig M.2) and one with a slow decay time consiant (6.9+1.6 s in the
example of fig M.2); the faster decay time constant corresponded to the falling phase of
e fast mtreourst oscilation (se2 Results section for s description of intraberst
structure), while the slower decay time constant corresponded to the persisient
afterdepolarization. Under voltage-clamp conditions (see Results section), intraburst
oscillations could be detected as rhythmic currents with a timecourse similar to that of
current-clamp potential oscillations. Such rhythmic currents displayed an inward polarity
at negative holding potentials, disappeared at 0 mV holding potential and were detected
as outward currents at positive holding potentials (see fig R.8 of Results section). In this
case burst decay could be fitted by a monoexponential function with a decay time
constant similar to the faster decay time constant of current-clamp experiments (<150
ms). As explained in the Results section, these findings suggest that intraburst
oscillations were mediated by excitatory synaptic events, whose timecourse was poorly
affected by motoneuron membrane potential. On the other hand, under voltage-clamp
conditions (regardless of holding potential in the range -80, +20 mV) it was not possible
to detect any current corresponding to slowly decaying afterdepolarization observed
under current-clamp conditions. These findings suggest that origin and nature of such an
afterdepolarization, that remain obscure, were different from those of intraburst
oscillations. For this reason the adopted burst definition consistently allowed inclusion of
intraburst oscillation and exclusion of the slowly decaying depolarization.

Burst frequency was calculated as the inverse of the cyx:le period. In this way a frequency
value (usually expressed as burst/min) was associated to each burst cycle. Therefore, an
average value and a standard deviation could be calculated for burst frequency (as well
as for cycle period) during a given treatment in each preparation.

Rise-time was measured from baseline to peak; only intracellular experiments were used
for rise-time measurements. Burst amplitude was defined as the peak amplitude of the
initial (and largest) burst depolarization, that was usually followed by several oscillations
reaching less depolarized levels (see for instance fig R.4C of the Results section).
Intraburst oscillations frequency was measured as the inverse of the peak-to-peak time

interval. Voltage calibration is usually reported only for intracellular experiments.
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Pooled data were expressed as mean + standard deviation. Statistical differences between
groups of data were analysed by using Student’s ¢ test. According to the in-use
convention, twc groupa of data were considered significantly differsat when P<0.05.

Regularity of bursting patterns was quantified by two parameters: the noefficient ot
variation of burst duration (CVd) and the coefficient of variation of cycle period (CVc),
that were calculated in each preparation for a given treatment as the ratio between the
standard deviation and the mean value of burst duration or cycle period and expressed

as percent values.



RESULTS

1. Viability of the spinal cord.

After dissection, spinal cord viability was ascertained by means of electrophysiological
tests. In healthy preparations, single pulse, above-threshold stimulation of one lumbar
dorsal root elicited a reflex response in the ipsilateral ventral root at the same segmental
level; furthermore, above-threshold stimulation of one VR (0.1 ms) elicited a mono or
biphasic extracellular field potential in the motor nuclei; this response could be recorded
with a sharp microelectrode in the ipsilateral ventral horn at the same segmental level of
the stimulated VR. If these properties were missing the preparation was not used for
experiments. Usually healthy spinal cords could be maintained in vitro for many hours
(up to 12) without any apparent electrophysiological sign of deterioration. Only in 3 of
the 212 spinal preparations that were used for the present study, a gradual rundown of

DR- or VR-evoked responses prevented carrying out of the experimental protocols.

2. Spontaneous and evoked activity of motoneurons in control solution.

Intracellular recordings were performed from 97 motoneurons in 71 different
preparations. On average, motoneuron membrane potential (in the absence of injected
current) was -69£8 mV and motoneuron mc.nbrane input resistance was 40+14 MQ.

In control solution, the spontaneous activity of motoneurons recorded with a sharp
~microelectrode consistéd of frequent, -spolarizing synaptic potentials occurring in a
random fashion; not infrequently, a tendency for these synaptic potentials (that
occasionally reached the threshold for action potential) to form clusters of activity was
observed, as shown in the example of fig R.1 (for another example of spontaneous
activity in control solution see also fig R.3A,0).

Antidromic stimulation of the corresponding VR elicited an action potential in the

impaled motoneuron (fig R.2A); these evoked events were characterized by a latency
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between the stimulus artefact and the onset of the spike <2 ms. On average, antidromic
spike amplitude was 78+13 mV. These data are in accordance with previous reports
(Falion and Walton, 1986a, b). Ciadual hyperpoiarization of the motoneuron membraic
potential by injection of a negative current resulted in an ail-or-none reduction of the
antidromic spike amplitude (compare fig R.2A, B with fig R.2C); this phenomenon is
known to be due to failed invasion of the somato-dendritic compartment by
antidromically travelling action potential (Eccles, 1964).

In control solution, DR stimulations evoked short latency (<10 ms) depolarizing synaptic
potentials in motoneurons. These responses were similar to those previously described in
the same preparation (Lev-Tov and Pinco, 1992; Pinco and Lev-Tov, 1993a), since they
usually comprised both mono and polysynaptic components and displayed a marked
frequency-dependent paired-pulse depression for intervals between 0.5 and 30 s. Fig
R.2D and 2E illustrate two examples of such paired pulse depression of DR-evoked
motoneuronal responses for 1 s interstimulus interval; in both cases DR stimulation
intensity was set to evoke responses that did not reach firing threshold.

As previously described (Lev-Tov and Pinco, 1992; Pinco and Lev-Tov 1993b), DR-
evoked responses (recorded from motoneurons or VRs) were mediated by both NMDA
and non NMDA glutamate receptors and were fully abolished (n=8) by combined
application of the NMDA receptor blocker 2-amino-5-phosphonovaleric acid (APV; 20
uM) and of the non-NMDA receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX; 10-20 uM).

Stimulation of the ventrolatera! fibres evoked depolarizing responses in lumbar VRs
(latency <20 ms). As previously described (Elliott and Wallis, 1993; Pinco and Lev-Tov,
1994), such responses were strongly reduced in amplitude and area (by 290 %) by co-

application of CNQX and APV {.i=4).

3. Effects of pharmacological block of GABA, receptors in the spinal cord.

The present study was aimed at investigating the reorganization of spontaneous synaptic
activity in the neonatal rat spinal cord after block of synaptic inhibition, with special

interest in the possible development of rhythmic phenomena under these conditions.
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Therefore, we firstly studied the effects of single pharmacological block of either
GABA4 and glycine receptors, that mediate the two main inhibitory processes in the
spinal cord { Young and Macdonald, 1983; Davidoff and Hackman, 1984).

When the GABA, receptor antagonist bicucuiline (20 pM, sufficient to saturate GABAL
receptors; DeFeudis and Somoza 1977; Moehler and Okada 1977) was bath-applied to
the spinal cord, spontaneous synaptic activity of motoneurons (recorded intracellularly)
was changed into irregular paroxysmal bursting in 5/5 preparations tested. A typical
example of the effects of bicuculline on spontaneous activity recorded from a lumbar
motoneuron is illustrated in fig R.3A-B. In all preparations tested, bicuculline-induced
bursts were initiated by a rapid depolarization (average rise time =336+87 ms) and
followed by a plateau phase (lasting 5-40 s) characterized by superimposed high-
frequency irregular activity. Bursts terminated with a slow decay phase (during which
high-frequency activity waned). On average, burst duration was 34+21 s, with peak
amplitude of 40£10 mV and frequency of 1.6+0.8 burst/min. Not infrequently two or
more bursts coalesced together. On average, the values for CVd and CVi were 5111
and 37x10 %, respectively, a finding which indicated their irregular duration and
occurrence. The input resistance of motoneurons was not significantly changed in the
presence of bicuculline; the resting membrane potential (measured during the interburst
quiescent intervals) was also unchanged. Bicuculline-induced effects could be completely

reversed within 10-20 min wash out (fig R.3C).

4. Effects of pharmacoiogical block of glycine receptors in the spinal cord.

Bath application of the glycine antagonist strychnine (1 uM, sufficient to saturate glycine
receptor; Becker et al. 1988; Schneider and Fyffe, 1992) did not induce spontaneous
bursting of motoneurcs in 10/12 preparations, in which it caused a marked reduction of
the small amplitude depolarizing synaptic potentials (<10 mV) and the sporadic
appearance of large-amplitude (>10 mV) depolarizing events, that occasionally reached
the threshold for action potential firing. The different effects of bicuculline and strychnine
on motoneuronal spontaneous activity are shown in the example of fig R.3. In this
experiment strychnine was applied after 30 min bicuculline washout (fig R.3D), when the

effects of bicuculline on spontaneous activity of the recorded motoneuron had fully
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Fig R.1. Spontaneous activity of single lumbar motoneuron in control solution.

Top trace shows spontaneous synaptic activity of a motoneuron comprising irregularly-occurring
clusters of depolarizing synaptic potentials (occasionally reaching firing threshold). Bottom trace shows
spontaneous activity of the same cell on a faster timescale: individual depolarizing synaptic potential can

be recognized. Resting potential: -69 mV. In the top trace spikes are truncated.
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Fig R.2. VR- and DR-evoked responses of motoneurons in control solution.

A: Antidromic action potential elicited by single VR stimulation (se¢ artefact) in a motoneuron with a resting membrane
potential of -75 mV. B: when the cell is hyperpolarized by 3 mV through current injection a fully developed action
potential can still be evoked by VR stimulation. C: further hyperpolarization (1.5 mV) produces a dramatic decrease in
the amplitude of the VR-evoked event. D, E: effects of paired DR stimulations (1 s apart, indicated by arrows) on lumbar
motoneurons of two different preparations. In both cases depolarizing synaptic response evoked by the second pulse is
strongly depressed with respect to the one evoked by the first pulse. Resting potential: -72 mV (D) or -75 (E).



disappeared (fig R.3C). Only in 2/10 preparations application of strychnine evoked
sporadic, irregular spontaneous bursting (not shown). Even when strychnine did not
elicit spontaneous bursting, dorsal root stimulation elicited long-lasting burst-like events,
as previously described (Wu et al, 1992; Pinco and Lev-Tov, 1993a). In none of the
motoneurons tested strychnine elicited significant alterations in resting potential or input

resistance.

5. Simultaneous block of GABA 4 and glycine receptors: rhythmic bursting.

When bicuculline and strychnine were co-applied, a highly regular bursting pattern
developed in motoneurons. Such a bursting activity became stable after 10-15 min from
the beginning of the application and then persisted as long as the application was
maintained (up to 6 hours). Only in 2 out of 205 preparations to which strychnine and
bicuculline were coapplied during intracellular or extracellular recordings, rhythmic
bursting activity was not observed. A typical example of the effects caused by strychnine
and bicuculline is shown in fig R.4, in which the spontaneous activity of a lumbar
motoneuron before and after coapplication of these agents is illustrated. The early phase
(0-10 min) of the application was characterized by paroxysmal, irregular bursts that
lasted for several tenths of seconds. This activity gradually turned into regular rhythmic
bursting. In the faster timescale trace of fig R.4 (middle) the clock-like burst occurrence
(approximately 2 events/min) is apparent. Bursts were followed by a long-lasting
afterdepolarization that often persisted till the onset of the next burst (see Methods
section for definition of burst duration). The interburst interval was characterized by the
absence of any detectable synaptic potential. A further timescale expansion comprising
one individual burst is presented in the bottom trace of fig R.4 and reveals the typical
structure of these events, characterized by a rapid depolarizing onset (about 100 ms from
baseline to peak with an amplitude > 40mV) followed by a plateau phase (lasting 0.2-2 s)
over which large-amplitude “intraburst” oscillations of the motoneuron membrane
potential gradually developed. Such oscillations lasted for several seconds and were
characterized by a decreasing frequency along the course of the burst (in the range 6-2

Hz). Firing activity was usually present during the plateau phase and during the rising
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Fig R.3. Spontaneous activity of motoneurons in the presence of bicuculline or strychnine.
Spontaneous synaptic activity in control solution (A) is changed into irregular bursting pattern (B) after
5 min bicuculline application, an effect reversible after 20 min washout (C). In the same cell subsequent
strychnine application (D) depresses low-amplitude activity and produces irregularly occurring, large-
“amplitude synaptic potentials. Resting potential (-70 mV) was not changed by bicuculline or strychnine
application. '
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Fig R.4. Effects of simultaneous application of strychnine and bicuculline.

Coapplication of strychnine and bicuculline converts control-solution spontaneous activity of a
motoneuron into paroxysmal, large amplitude depolarizing events that occur irregularly in the early
phase of coapplication. This activity spontaneously turns into a persistent, regular rhythm after 10
minutes application (top trace). A portion of such regular bursting activity (see arrow) is presented at
faster timescale in the middle trace. A further expansion (bottom trace) illustrates the typical structure
of an individual burst (indicated by arrow), that comprises an initial depolarization followed by a plateau

phase and by several intraburst oscillations. Resting potential: -73 mV.
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phase of the intraburst oscillations and occasionally during the rapid depolarization that
initiated a burst.

On average, a sample of 45 intracellular experiments provided the following values for
spontaneous bursts induced by strychnine and bicuculline: risetime 96+15 ms; peak
amplitude 44+12 mV; mean intraburst oscillations frequency 3.7+2.1 Hz (range 1-7 Hz);
cycle period 29+12 s; burst duration 6.742.5 s; CVe=15+8 % and CVd=13%10 %. The
low values obtained for the coefficients of variation confirm the more regular occurrence
and duration of these events in comparison with the bicuculline-induced bursts. No

significant differences related to rat age were found for these values within the tested age

range (PO-P12).

Ventral root recordings during rhythmic bursting

Intracellular recordings provided information about rhythmic bursting in individual
motoneurons but did not clarify whether this activity took place synchronously in
different motoneurons. In order to test whether bursting occurred simultaneously in
motoneurons innervating one VR, extracellular recordings were performed from lumbar
VRs. As shown in fig R.5B, under these conditions bursting could still be detected and
(when DC-coupling was used) its appearance was similar to that of intracellular
recordings (compare fig R.5A and B). VR recorded bursts appeared rhythmically at a
frequency similar to that of intracellularly recorded bursts and were separated by
quiescent periods in which no detectable synaptic activity was present. Faster timescale
tracings revealed that also the intraburst oscillatory structure of individual bursts was
similar to that recorded intracellularly (compare expanded traces on the right in fig R.5A
and B). Burst frequency, burst duration and intraburst oscillation frequency measured
from ventral root recordings were not significantly different from those obtained with
intracellular recordings. Bursting activity could be consistently recorded from any lumbar
ventral root (n=6). These results (together with the observation that rhythmic bursts
were present in all antidromically identified motoneurons in the presence of strychnine
and bicuculline) clearly indicated that not only rhythmic bursts, but also intraburst
oscillations took place almost simultaneously in nearly all motoneurons innervating one

lumbar ventral root. AC-coupled trace of fig R.5C also show that this kind of filtering
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Fig R.5. Comparison of intracellular and extracellular recordings of bursting activity induced by
strychnine and bicuculline.

A: intracellular traces from L5 motoneuron (resting potential: -75 mV) displaying regular rhythmic
bursting characterized by rapid depolarization with superimposed trains of action potentials. A single
event (indicated by arrow) is shown on the right with a faster timebase to resolve intraburst oscillatory
activity. B: DC-coupled extracellular recording of similar bursting (different preparation from A) from
one L5 ventral root. Note similar bursting pattern and structure as observed with intracellular electrode.
Traces on the right represent faster timebase records (bottom trace depicts the same event of top trace
after 20 Hz lowpass filtering) of the individual burst indicated by arrow. C: AC-coupled VR recording
of the same activity depicted in B. Righthand traces show the same single event (faster timebase; the
bottom trace is lowpassed at 20 Hz). Note that extracellular recording (either DC or AC coupled) from

ventral root provides a reliable method to observe bursting activity.
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preserved much of the information about rhythmic bursting and intraburst oscillations
(see Methods). With 20 Hz lowpassing filter information about firing activity was lost
but slower membrane oscillations “vere still clearly recognizable (fig R.5B, C). Ventral
root recordings were then extensively uscd to complement intracellular studies,
especially in those experiments that required the application of very long protocols.

The degree of synchronicity within different motoneuronal pools was investigated by
means of simultaneous recordings from different pairs of ventral roots in the lumbar
segments (n=8). Simultaneous recordings from any ipsi- or contralateral pair of lumbar
ventral roots revealed that rhythmic activity (including intraburst oscillations) in the
disinhibited spinal cord was strongly synchronized in all lumbar motor pools. This
phenomenon is illustrated in the examples of fig R.12, 13A, 23B and 27, in which
simultaneous recordings from left and right lumbar ventral roots in the presence of

strychnine and bicuculline are presented.

Tests for effectiveness of pharmacological block of GABA, and glycine receptors.

Even if strychnine and bicuculline are known to block inhibitory synaptic transmission in
rat motoneurons in vitro (Wu et al., 1992), it was important to directly test that in the
present experimental conditions inhibitory synaptic processes were blocked throughout
the spinal network. This was assessed by experiments performed with VR recordings.

Bicuculline (20 uM) and strychnine (1 uM) were first tested for their ability to prevent
the inhibitory action of exogenously-applied glycine or GABA (in concentrations known
to inhibit motoneurons strongly; Wu et al., 1992) on polysynaptic reflexes (elicited in L5
VR by electrical stimulation of the homologous ipsilateral DR). DR stimulations were
continuously delivered at 8 s intervals, in order to avoid excessive frequency-dependent
depression of the reflex (Lev-Tov and Pinco, 1992). Glycine (0.5 mM) caused a strong
reduction in reflex peak amplitude and area (fig R.6A). On average, in 3 preparations
such a glycine application significantly (p<0.0001) decreased polysynaptic reflex peak
amplitude by 37 = 21 % and area by 64 + 18 %. These effects were readily reversed on
wash out (fig R.6A). Subsequent application of 1 uM strychnine caused an increase in

reflex peak amplitude (37£15 %) and area (52425 %) with the appearance of time-
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locked oscillations at 4-8 Hz (sce example in fig R.6A). In the_presence of strychnine,
application of 0.5 mM glycine failed to affect reflex amplitude, area or oscillations. The
effects of GARA appucation on dorsal 1cot - voked reflex before aud after application of
bicuculline were tested in the presence of 10 pM CGP 52 432 in order to avoid
involvement of GABAg receptors. Under these conditions (n=3), 1 mM GABA
significantly (p<0.0001) and reversibly reduced reflex peak amplitude by 54 £11 % and
area by 88+19% (see example in fig R.6B). Subsequent application of 20 M bicuculline
increased reflex peak amplitude by 64+13 % and reflex area by 440£110 % but, unlike
strychnine, it did not elicit slow, rhythmic oscillations. In the presence of bicuculline.
application of 1 mM GABA failed to affect reflex peak amplitude or area (fig R.6B).
After induction of spontaneous bursting by co-application of strychnine and bicuculline
to the same preparations, 0.5 mM glycine failed to affect burst frequency or duration ( fig
R.6C, similar data were obtained on three preparations). GABA (1 mM) was equally
ineffective on bursting frequency or duration in the presence of strychnine, bicuculline
and CGP 52 432 (n=2; fig R.6D). Prolonged application (>30 min) of CGP 52 432 (10
UM) per se did not block bursting induced by strychnine and bicuculline in 4/4
preparations, thus showing that GABAg receptor activation was not necessary for this
kind of rhythmogenesis.

These results were confirmed by the observation that, once rhythmic bursts were induced
by 1 uM strychnine and 20 puM bicuculline, progressive increases in strychnine
concentration up to 10 pM had no effect on burst frequency or duration. On the other
hand, when the non-competitive GABA antagonist picrotoxin (100 uM) was coapplied
with 1 uM strychnine (in the absence of bicuculline), rhythmic bursts similar to those
elicited by bicuculline and strychnine were always observed. Under these conditions
(n=4) burst frequency, burst duration and their coefficients of varjation were not
significantly different from those measured in the preparations treated with strychnine
and bicuculline. Similarly, during the course of the experiment replacing bicuculline with
picrotoxin (in the continuous presence of strychnine) did not alter the bursting pattern
established with bicuculline and strychnine at the start of the recording session (n=2).

When co-applied with strychnine, 1 mM penicillin (another GABA antagonist) was also



able to induce rhythmic hursts similar to the one elicited by bicuculline and strychnine
(n=2).

1 togetlier these results showed that mn the rat isolated spinal cord TARA, and glycine
receptors were fully blocked by the concentrations of strychnine and bicuculline used in
the present study and that under these conditions rhythmogenesis should be based on

mechanisms independent of these receptors as well as of GABAg receptors.

Manipulations of motoneuron membrane potential during rhythmic bursting

Mammalian motoneurons posses membrane properties that can allow these cells to
amplify and prolong synaptic signals by generation of plateau potentials (Schwindt and
Crill, 1984; Kiehn, 1991; Hultborn and Kiehn, 1992). In order to assess whether such
intrinsic motoneuron membrane properties were involved in rhythmic burst generation
and to examine the voltage sensitivity of such events, we performed intracellular
manipulations of the membrane potential in the presence of strychnine and bicuculline
either in current-clamp or in voltage-clamp conditions.

Typical results obtained under current-clamp conditions are illustrated in the example of
fig R.7. In this case, varying the membrane potential (which was -70 mV without current
injection) from -80 to -60 mV (by -0.51 or +0.8 nA steady DC current, respectively)
decreased the amplitude of all components of the burst while individual bursts and their
intraburst oscillations were unchanged in duration and frequency (fig R.7 A). Results
from the same cell are quantified in the graphs of fig R.7 showing amplitude (C).
interburst interval and burst duration (D), and mean oscillation period (E) plotted against
membrane potential. On a sample of 4 motoneurons the relation between burst amplitude
and motoneuron membrane potential was also found to be approximately linear over -30
to -90 mV range without concomitant changes in burst or oscillation frequency. When
depolarizing or hyperpolarizing current steps (2 s) were applied to the motoneuron
during a burst, they changed the amplitude but not the timecourse of the oscillations (fig
R.7 B). Application of slowly depolarizing ramps (30 mV/s from resting membrane
potential to -40 mV) or of 0.1-2s depolarizing current steps during the quiescent periods

always failed to generate bursts.
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Under voltage clamp conditions the dependence of bursting activity on membrane
potential was also explored as illustrated in fig R.8. In this case, voltage activated
potassiunicurrents and fast rudiuin currentc were reduced by intracellular application of
CsCl and N-methyl-lignocaine-iodide {QX222), respectively. Such application was
performed by filling the electrodes with 3 M CsCl plus 0.3 mM QX222. After
impalement, motoneurons were current-clamped for 10-20 min, until they lost the ability
to generate antidromic action potentials, and then voltage-clamped. After application of
bicuculline and strychnine, the I-V relation obtained with 0.5 s long voltage steps from a
holding potential of -60 mV during quiescent periods showed a nearly linear behaviour
over a wide range of membrane potential (Fig R.8 B). Fig R.8 A shows the effects of
changing the holding membrane potential from -60 to O or +20 mV on bursting currents.
At negative holding potential a burst was detected as an inward current with an
oscillatory structure (depicted on a faster time base in the right hand side tracings of fig
R.8 A) similar to the one observed in current clamp experiments. This pattern of activity
was absent at 0 mV and returned essentially unchanged but with opposite polarity at +20
mV. Similar data were replicated four times. Fig R.8C shows that the relation between
the peak amplitude of burst current and the holding membrane potential (varied in 20 mV
increments maintained for >3 min) was relatively linear with an apparent current reversal
at 0 mV. Fig R.8 also shows that, unlike burst amplitude, burst duration and interburst
interval (D), as well as mean intraburst oscillation period (E) were not affected by
changes in holding potential. Similar results were obtained in 3 cases.

All together these results indicated that the motoneuron membrane properties did not
play a major role in shaping bursting activity, that rather appears to result from massive,
synchronized excitatory synaptic events characterized by an approximately linear

voltage-dependence with reversal potential near 0 mV.

Effects of ventral root stimulation during rhythmic activity.

In the presence of strychnine and bicuculline, stimulation of one VR during intraburst
quiescent periods always elicited an antidromic action potential in the corresponding
motoneuron (n=6); the amplitude and timecourse of the evoked spike were similar to

those observed before application of strychnine and bicuculline. However (in marked
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Fig R.7. Sensitivity of bursts to membrane potential changes in current clamp conditions.

Under current clamp conditions frequency of bursts and of associated oscillations remains the same at -
60 or -80 mV membrane potential while their amplitude grows at the more hyperpolarized value (A).
Traces on the right depict faster timebase bursts (marked by a filled triangle on the left hand trace). At
-80 mV resting potential current steps (£ 0.4 nA; 2 s) applied during the oscillatory phase of the burst
change the amplitude but not the frequency of oscillations (B). Tracings in B are not DC mounted and
are filtered at 15 Hz to remove spike activity which compounds oscillations (different cell from A,B).
Plots illustrate the voltage dependence of peak amplitude (C), of interburst interval (D, squares) and
burst duration (D, circles), and of mean intraburst oscillation period (E) for the cell in A. Datapoints in
plots C-E refer to the mean of individual responses measured over >4 min for each level of membrane
potential.
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Fig R.8. Sensitivity of bursts to membrane potential changes in voltage clamp conditions.

A: bursting currents are outward at +20 mV holding potential (Vy), disappear at 0 mV V; and are inward at -60 mV Vy.
Expanded timebase traces on the right hand side illustrate the timecourse of individual bursts (indicated by filled
triangles on the left hand traces) at +20 mV and -60 mV Vi. Cell recorded with an electrode containing caesium and QX-
222, Plots illustrate the steady state current-voltage relation (B; no leak subtraction was performed), the voltage
dependence of burst peak amplitude (C), of interburst interval (D, circles) and burst duration (D squares), and of mean
intraburst oscillation period (E). The data shown in C-E are measured individually for each burst and then averaged over

a period > 3 min for each Vy level.



contrast with DR stimulation, see below text of the relative subheading) single or
repetitive (with frequency up to 2 Hz) stimulation of a lumbar VR always failed to elicit a
bursi or io affect bursting timecourse. 1S situation is illustrated in the #xperiment of fig
R.9, in which a series of three VR stimuli (0.5 Hz) was delivered at different phases
during the quiescent interval. These data show that synchronous firing of a population of
motoneurons was not able to trigger bursting activity and (together with those exposed
in the previous subheading) suggest that, in the presence of strychnine and bicuculline,
motoneurons behave as output elements that synchronously receive a massive, rhythmic

synaptic input from a premotoneuronal network.

Sensitivity of rhythmic bursting to agents that interfere with synaptic transmission.

The observation that bursts were network-driven events prompted to test the effects of
several agents that, acting on different molecular target, are expected to interfere with
excitatory synaptic transmission. As mentioned above, bursting currents reversed
polarity near 0 mV and displayed an approximately linear voltage dependence (fig
R.8A,C). These results suggested a possible implication at the level of the motoneuronal
membrane of glutamate-mediated synaptic transmission and in particular of non-NMDA
receptors (whose gating is voltage independent; Mayer and Westbrook, 1987). In order
to check the involvement of glutamate receptors within the rhythmogenic network,
selective antagonists of NMDA or non NMDA receptors were bath-applied in the
presence of strychnine and bicuculline.

The non NMDA glutamate receptor antagonist CNQX (20 uM) blocked rhythmic
bursting in 4/4 preparations. An example of CNQX-induced bursting suppression is
shown in fig R.10. In this case in the earlier phase of CNQX application burst duration
decreased, with reduction in the number of intraburst oscillations; bursting was
subsequently fully suppressed by CNQX. Recovery from CNQX effects was only partial
and difficult to observe.

Application of the NMDA receptor antagonists APV (20 uM) or CPP (10 M) blocked
bursting activity in 4/12 preparations. In the remaining 8 preparations, in the presence of
APV or CPP regular rhythmic bursting persisted, although with markedly reduced

frequency (on average the cycle period increased by 85+43%; p<0.0001) and increased
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Fig R.9. Antidromic spikes do not affect spontaneous bursting.

A: Arrowed VRs indicate antidromic stimuli (4XT stimulation) to L5 ventral root during spontaneous
bursting induced by strychnine and bicuculline. Such stimuli always evoked action potentials but failed
to elicit bursting activity. Artefacts are clipped by sampling frequency. Asterisk denotes those responses
shown as individual action potential at faster time base in B. Membrane potential during quiescent
periods was -65 mV. Note that regardless of the timing of the antidromic firing during bursting cycle

there was no alteration in spontaneous bursting activity.
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burst duration (on average by 1104£32 %; p<0.0001). When bursts persisted in the
presence of CPP, their peak amplitude was significantly reduced (by 30+12 %.
P<0.0001). The two effects of NMDA receptor antagcrusts are iftustrared in fig R.11A
(that depicts a full block of bursting by CPP) and fig R.11B (that shows a case in which
bursting was slowed down by CPP). In both cases the effects of APV or CPP could be
reversed on washout. These data show that glutamatergic synaptic transmission played a
central role in bursting activity and that both NMDA and non NMDA receptor subtypes
were activated during rhythmic network operation; however, in the majority of
preparations rhythmic activity could still be expressed after block of NMDA receptors,
while activation of non NMDA receptors was always required in the presence of
strychnine and bicuculline.

Application of the voltage activated sodium channel blocker tetrodotoxin (1 uM; n=4) or
of the calcium channel blocker cadmium (50 uM; n=4) fully suppressed bursting activity,
indicating that action potential generation and calcium-mediated synaptic release were

both necessary for rhythmogenesis in the disinhibited spinal cord.

Bursting activity in low-chloride solution

Since GABA, and glycine receptor channels in the neonatal rat spinal cord are selectively
permeant to Cl' (Gao and Ziskind-Conhaim, 1995), it was interesting to compare the
effects of pharmacological block of these receptors with those caused by reduction of the
extracellular CI'. This manipulation is expected to shift the equilibrium potential for this
ion toward more positive values (according to Nerst equation; Hille, 1994) and thus to
reduce or reverse chloride-mediated synaptic currents (Feldman and Smith, 1989). In
low-chloride solution, GABA and glycine gated channels are then expected to loose at
least in part their inhibitory actiori. Fig R.12 illustrates an experiment in which a spinal
cord preparation was superfused with low-chloride solution (see methods for
composition). This treatment per se induced spontaneous rhythmic bursting that
appeared synchronously in left and right ventral roots with cycle period of 65£20 s and
burst duration of 18+5 s. These effects were reversible on wash-out. Further

coapplication of strychnine and bicuculline evoked bursting characterized by a
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Fig R.11. Different effects of CPP on bursting activity.
A illustrates an experiment in which application of CPP (10 uM) fully abolishes bursting activity
induced by strychnine and bicuculline. Resting potential: -70 mV. In another preparation (B) prolonged
(> 30 min) application of CPP only produces a marked decrease in burst frequency (and a concomitant
increase in burst duration). Resting potential: -68 mV. The effects of CPP are easily reversed on

washout, as shown in B (bottom trace).
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low chloride

strychnine and bicuculline

N

+ low chloride

S

Fig R.12. Effects of low chloride solution.
Simultaneous recordings from left (top) and right (bottom) L5 VRs show that application of low chloride solution (top

tracings) elicits spontaneous, synchronous rhythmic bursting in motoneurons. In the same preparation, coapplication of
strychnine and bicuculline (after washout of low chloride solution) elicits rhythmic bursts with larger frequency (middle
traces: note that timescale of top traces is different from middle and bottom traces). Under these conditions, application of
low chloride solution failed to affect bursting timecourse (bottom traces). DC-coupled extracellular recordings.
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significantly smaller cycle period (35£13 s; p<0.0001) and burst duration (8+4 s;
p<0.0001). In the presence of strychnine and bicuculline, application of low-chloride
solution did not induce significant «nanges i hursing activity. Similar results were found
it 3 preparations. These results suggest that superfusion of the spinal cord with low-
chloride solution induced a condition that was similar to complete pharmacological block
of GABA, and glycine receptors (since rhythmic bursting was present) but distinct from
it (since burst frequency was markedly lower). On the other hand, full block of chloride-
permeable synaptic channels by strychnine and bicuculline was confirmed by the
observation that in the presence of these agents large changes in chloride concentration

failed to elicit any effects on bursting activity.

6. Pharmacological modulation of rhythmic bursting by NMDA or 5-HT.

Several pharmacological agents have been shown to induce locomotor-like patterns in
the neonatal rat spinal cord (Kudo and Yamada, 1987; Cazalets et al, 1992; Cowley and
Schmidt, 1994b). In particular, NMDA and 5-HT are routinely used to induce fictive
locomotion (Sqalli-Houssaini et al, 1993; Kjerulff and Kiehn 1996). Furthermore,
locomotor-like patterns display a marked frequency-dependence on the concentration of
these agents (Cazalets et al, 1992). In order to compare the pharmacological sensitivity
of rhythmic bursting in the absence of synaptic inhibition with that of fictive locomotion,
these agents were also tested for their ability to modulate rhythmogenesis in the

disinhibited spinal cord.

NMDA

Application «f NMDA (up to 10 uM) was found to exert a strong accelerating action on
rhythmic bursts in the disinhibited spinal cord. A representative example of these effects
is shown in fig R.13, in which left and right L5 ventral roots were simultaneously
recorded. In this preparation, after rhythmic bursts were induced by strychnine and
bicuculline, application of NMDA increased burst frequency and decreased burst
duration in a dose-dependent manner. Increasing NMDA concentrations were

cumulatively applied at about 10 min intervals after rhythm stabilisation. The largest



NMDA dose compatible with bursting was 10 pM (in this case cycle period was reduced
to 1.340.1 s and burst duration to 0.13£0.02 s). The effects of NMDA on cycle period
and burst duratiu are quantified in plots of fig R.13B. As stown in the vight-hand side
panels of fig R.13A, intraburst oscillations were preserved with 2.5 and 5 pM NMDA.
even if their number progressively decreased (consequently to burst duration reduction)
and ultimately disappeared with 10 uM NMDA which converted bursts into single-
discharge events. On a sample of 4 preparations, application of 5 pM NMDA (in the
presence of strychnine and bicuculline) significantly decreased cycle period (by 75+10
%, corresponding to a 4 fold increase in burst frequency) and burst duration (by 59+18
%). In 2 intracellular experiments these effects were associated with a motoneuron

depolarization of 7£5 mV.

5-HT

Application of 5-HT had effects similar to that NMDA on bursting activity. An example
of the dose-dependent acceleration of strychnine and bicuculline-induced bursting by 5-
HT is illustrated by the intracellular experiment of fig R.14: in this case at 5 uM
concentration 5-HT elicited a slight and non significant decrease in cycle period without
any apparent effect on resting potential (-76 mV). Doubling the 5-HT dose induced a
small depolarization (2 mV) and a reduction of the cycle period. At 30 uM concentration
a three-fold decrease in the cycle period was observed together with a membrane
depolarization of 10 mV. These reductions in cycle period at 10 and 30 uM were
accompanied by a concomitant reduction in burst duration. In each case the action of 5-
HT was reversible on washout (shown for the two lower doses by records at the start of
each subsequent trace). The expanded traces in Fig R.14B show the timecourse of
individual bursts before and after 30 plvivg—HT application. In the presence of 5-HT not
only the burst duration was clearly shortened but the typical oscillatory structure was
almost eliminated. Graphs in Fig R.14C quantify the dose-dependence of 5-HT action on
burst frequency (left) or duration (right). On average for this neuron, 5-HT (30 pM)
significantly (P< 0.0001) increased burst frequency by 237+66 % (corresponding to a 70
% reduction in cycle period) and decreased burst duration by 703 % (P<0.0001).
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Fig R.14. Dose-dependent action of 5-HT on bursting activity induced by strychnine and bicuculline.

A: tracings showing the accelerating effect of 5-HT (applied sequentially at the three concentrations shown above traces)
on bursting activity induced by bicuculline and strychnine. The 5-HT applications are indicated by the horizontal bars.
Washout of 5-HT between successive doses is >15 min. Resting membrane potential: -76 mV. B: Change in the burst
structure induced by 5-HT. Same cell as in A but shown at faster timebase. Note shortening of burst episode and
disappearance of slow oscillations. Voltage calibration in A applies to B as well. C: plots of burst frequency (left; squares)
or burst duration (right; circles) versus 5-HT concentration. Datapoints are means of individual responses measured for >
4 min on the same cell shown in A and B.



Similar data were obtained from 5 preparations. On average, with 10 uM 5-HT burst
frequency was significantly (P<0.0001) increased by 10770 % (correspond‘ing to a 52
% reduction in cycle period) and burst duration was decreased by 51+4 % (P<0.0001).
At 5 uM 5-HT only slight and non significant effects were observed. In the presence of
5-HT plus strychnine and bicuculline bursting activity was always expressed

synchronously within lumbar VRs.

7. Effects of changes in extracellular potassium

Extracellular and intracellular potassium concentrations determine the reversal potential
Ex (that can be calculated by means of the Nerst equation; Hille, 1994) for the
transmembrane currents mediated by this ion. Ey in turn affects neuron resting membrane
potential, that can be approximately predicted by the Goldman-Hodgkin-Katz equation
(Hille, 1994). Thus, increasing extracellular potassium concentration is expected to shift
Ex toward a more positive value and thus to produce a depolarization in nerve cells.

Fictive locomotion (induced by 5-HT and NMDA) frequency has been shown to be
accelerated in a dose-dependent manner by increasing extracellular potassium
concentration in the 2-6 mM range (Sqalli-Houssaini et al, 1993). In order to compare
this behaviour with that of the rhythmogenic networks in the disinhibited spinal cord, we
tested the effects of changing external potassium concentration in the presence of
strychnine and bicuculline. Fig R.15 illustrates the effects of increasing external
potassium concentration from 1 to 8 mM (see Methods section for solution procedure)
under these conditions. A strong dependence of bursting frequency on potassium
concentration was observed. Burst frequency was 0.4+0.2 burst/min at 1 mM potassium
concentration; 0.9+0.2 burst/min at 2 mM; 1.9£0.8 burst/min at 4 mM; 4.6£0.9 burst/min
at 8 mM. All these values were significantly different (P<0.001). These changes were
accompanied by a dose dependent decrease in burst duration, that was 7.2+0.5 s at 1

mM and 1.810.4 s at 8 mM (P<0.001). Similar results were obtained in 3 preparations.



Fig R.15. Effects of changes in external potassium concentration on bursting activity.
Spontaneous activity in the presence of strychnine and bicuculline is recorded from left L5 VR in the
presence of 1, 2, 4 or 8 mM external potassium. Rhythmic bursts are present throughout while their

frequency increases more than tenfold when this concentration changes from 1 to § mM. DC-coupled

extracellular recordings.
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8. Effects of cyclothiazide on the neonatal rat spinal cord in control solution and

after block of synaptic inhibition

Desensitization (i.e. a decrease in receptor responsiveness in the continuous presence of
an agonist) is a prominent feature of glutamate receptors (Mayer and Westbrook, 1987.
Trussel and Fischbach, 1989). In particular, non NMDA glutamate receptors are known
to undergo a rapid and profound desensitization. This receptor class can be divided into
two subgroups, namely kainate-activated receptors and AMPA-activated receptors
(Mayer and Westbrook, 1987; Partin et al, 1993). AMPA-preferring receptor
desensitization is selectively blocked by cyclothiazide (Partin et al, 1993; Patneau et al.
1993; Yamada and Tang, 1993). In addition to this effect, cyclothiazide has also been
reported to facilitate presynaptic glutamate release (Diamond and Craig, 1995; Barnes-
Davies and Forsythe 1995; Isaacson and Walmsley, 1996). Nevertheless, non NMDA
receptor-mediated responses are usually much more increased by cyclothiazide than
NMDA receptor-mediated ones; this is perhaps due to a concomitant postsynaptic
depressant action of cyclothiazide on NMDA receptors, that can counterbalance and
mask increased glutamate release (Diamond and Craig, 1995). Since glutamate receptor-
mediated synaptic transmission had been found to play a major role in bursting activity of
the disinhibited spinal cord, it was of interest to investigate the effects of cyclothiazide
on rhythmic activity induced by strychnine and bicuculline. Because the action of this
agent had not been previously studied in the rat spinal cord, we preliminarily investigated
with intracellular recordings the impact of cyclothiazide on spontaneous and evoked

synaptic activity in control solution on 35 motoneurons.

Cyclothiazide effects on AMPA responses in control solution

Application of cyclothiazide (25 uM) did not produce significant changes in resting
membrane potential or input resistance of motoneurons (n=35). The action of
cyclothiazide on AMPA receptors was tested by bath application of AMPA in the
absence or in the presence of cyclothiazide. Fig R.16A shows an example of the action of
AMPA on a motoneuron before or after addition of cyclothiazide (25 pM). In this case
AMPA elicited a slowly developing depolarization (5.9 mV) which was so potentiated

(11.6 mV) in the presence of cyclothiazide that it reached firing threshold. On average 1



UM AMPA produced sustained depolarizations which slowly reached a plateau of
7.813.0 mV (n=5). The delayed onset of these responses was probably due to the
restricted access of AMPA to motoneurons found at variable depths from the surface of
the spinal cord. In all cases recovery from AMPA depolarizations was complete within &
min from washout. In the same cells cyclothiazide (25 uM; 15 min) strongly enhanced
the peak amplitude of 1 pM AMPA responses (16.8 = 7.6 mV equivalent to an increase
of 110441 % over control; p<0.05). The duration of 1 pM AMPA-induced
depolarizations (measured as the time during which the membrane potential was > 10%
of peak amplitude attained) was also increased in the presence of 25 UM cyclothiazide
(+73£70%; p<0.005). After washout of cyclothiazide (total exposure time was 30-40
min) recovery was always very poor. In order to test whether cyclothiazide effects were
at least in part produced by a direct action on motoneuron membrane, AMPA application
was also performed in the presence of tetrodotoxin, that was used to abolish action
potentials thus isolating synaptically the impaled motoneuron. Fig R.16B depicts data
taken from a cell bathed in 1uM tetrodotoxin (TTX) solution. In this example AMPA (2
M) induced a slow depolarization (12.5 mV) which was enhanced (15.8 mV) following
administration of cyclothiazide without any detectable increase in baseline noise (in
contrast to the case in control solution, see fig R.16A). On average, in the presence of
TTX, AMPA (2 uM) still evoked a depolarizing response (155 mV; n=3) which, in the
presence of cyclothiazide, was largely increased both in its plateau amplitude and
duration (+109+44 % and +491+29 %, respectively).

Application of 0.1 mM glutamate, the endogenous transmitter acting on AMPA
receptors, depolarized motoneurons (744 mV; n=4). In 2/4 cells, 25 uM cyclothiazide
produced a clear potentiation of such responses (+100+50 %) with no change observed
for the remaining two cells. The more variable action of cyclothiazide in the case of bath-
applied glutamate was presumably due to the fact that this amino acid acted via various
receptor classes and was also removed by uptake systems (Mayer and Westbrook, 1987).
The selectivity of cyclothiazide towards AMPA receptors was assessed by examining its
effects on depdlarizing responses evoked in control solution by NMDA (15 uM; n=3;

7£3 mV) or GABA (1 mM,; n=5; 13£3 mV). In both cases cyclothiazide did not produce



n
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significant changes in these responses even when they were evoked in the presence of

TTX.

Cyclothiazide effects on evoked synaptic potentials

Electric stimulation of dorsal root fibres elicited subthreshold EPSPs which comprised
mono and polysynaptic responses as indicated by their irregular time course with
overlapping synaptic events (see examples of fig R.2D,E). In order to depress
polysynaptic components of recorded EPSPs and to facilitate analysis of the effects of
cyclothiazide, all experiments were thus carried out in the continuous presence of 1 mM
mephenesin, an agent routinely used to reduce polysynaptic contribution to DR-evoked
motoneuronal responses (Fulton and Walton, 1986a; Lev-Tov and Pinco, 1992). Fig
R.17 (top) shows examples of several superimposed EPSPs (observed after >20 min
exposure to mephenesin) characterized by their smooth timecourse. Under these
conditions EPSPs displayed a latency (from the stimulus artefact to the foot of the
EPSP) of 7.4+1.6 ms, a relatively fast 10-90 % rise time (3-9 ms) and a decay which
could be fitted with a single exponential function. In order to prevent frequency
dependent modulation of the EPSPs, afferent fibres were stimulated at 60 s intervals
(Lev-Tov and Pinco, 1992). In 8/12 cells cyclothiazide treatment brought the EPSP to
firing threshold even if there was no detectable change in membrane potential or. input
resistance at rest. Nevertheless, in a number of neurones it was possible to observe the
action of cyclothiazide on EPSPs without intervening contamination by spike activity, a
situation which allowed us to retain the same stimulation intensity and duration used
before application of cyclothiazide. Ongoing synaptic activity and possibility of large
changes in EPSP amplitude leading to spike activity following cyclothiazide treatment
prevented a systematic analysis of EPSPs at various stimulation intensities and prompted
the use of relatively strong stimuli, able to evoke synaptic responses clearly discernible
from baseline noise. Attempts (n=3) were made to remove any contamination of evoked
EPSPs by inhibitory potentials. However, application of 1 uM strychnine plus 25 UM
bicuculline in the presence of mephenesin always led to irregular bursting activity which

prevented EPSP measurement. In one further case it was however possible to measure



evoked EPSPs using 1 UM strychnine in control and cyclothiazide solution. The results
taken from this series of EPSPs were the same as those when cyclothiazide was applied
in control ACSF. Fig R.i17 (top) shows an example of a cell in which a large
enhancement in the amplitude of the EPSPs versus its respective control was clearly
noticed (together with increased spontaneous activity shown as time-unlocked, low
amplitude events). Systematic analysis, performed on 4 motoneurons, allowed
quantification of the enhancing effects of cyclothiazide (see histograms of Fig R.17). In
the presence of 25 uM cyclothiazide, both peak amplitude and area of EPSPs were
significantly (P<0.001) increased in each cell tested and on average they amounted to
3018 and 52423 % rises, respectively. Monoexponential decay time constants.
averaging 30.6+10.0 ms in control solution, were not significantly changed in the

presence of cyclothiazide (36.9+12.6 ms).

Cyclothiazide effects on spontaneous activity in control solution

In control solution spontaneous synaptic activity of motoneurons, which comprised
events mainly due to spike-dependent release of neurotransmitters from local neurones.
consistently increased in frequency after application of 25 M cyclothiazide (see tracings
of Fig R.18). This phenomenon was systematically analyzed in 6 motoneurons. The
frequency of events exceeding a preset amplitude threshold (five times the standard
deviation of baseline noise, usually =1 mV above resting membrane potential) was
increased in all cases after 10 min of cyclothiazide application (19687 % of control:
n=06). Nevertheless, closer inspection of the data revealed a dishomogenous response
pattern. In fact, in 3 cells, large amplitude (10-20 mV) event frequency was strongly
increased (858 £ 562 % of control), while small amplitude (5-10 mV) event frequency
was reduced (72 = 26 % of control), so that the mean amplitude was larger in
cyclothiazide (the cell in fig R.18A presented this kind of behaviour, as demonstrated by
the amplitude histograms beside the raw data). In the other 3 cells, however, the small
and intermediate amplitude event frequency was proportionally more increased, so that
the mean amplitude was unchanged or even reduced. The latter case is illustrated in the

histograms of fig R.18B. Only for one motoneuron (the one of fig R.18A) the decay of
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spontaneous events could be fitted by an exponential function since in all other cases
complex synaptic responses often overlapped the decay phase. In the example of fig
R.18A, a single exponential provided adequate fitting of the decay with a time constant
of 13.2£1.8 ms in control solution and 18.8+2.0 ms (n=24; P<0.001) in the presence of
cyclothiazide. Application of 1 uM TTX fully blocked all synaptic activity, thus
confirming the difficulty of detecting miniature events in mammalian motoneurons
recorded with sharp microelectrode (Redman, 1990).

Another important effect of cyclothiazide was to induce the progressive appearance of
strong, prolonged bursting activity (see fig R.19A), detectable in 14/17 cells, after about
10 min exposure to this drug. These bursts were defined analogously to those observed
in the presence of strychnine and bicuculline, but only bursts with a duration = 0.5 s were
included for analysis, in order to reject simple EPSPs. Bursting activity was poorly
dependent on resting membrane potential in terms of amplitude, duration and frequency.
as indicated by the experiment of fig R.19A in which four different levels of resting
membrane potential were attained by injecting steady current into the cell. In this case.
bath application of 1 mM GABA elicited a depolarizing response when the motoneuron
was held at -84 mV and a hyperpolarizing response when it was held at -68 (fig R.19B),
suggesting that reversal potential for GABA receptors was intermediate between these
values in this motoneuron that had been impaled for over 30 min with a KCl-filled
electrode. In both cases, during GABA application the bursting activity was actually
inhibited (see fig R.19B). Neither the peak amplitude (fig R.18C) nor the duration (fig
R.18D) of bursts was particularly sensitive to membrane potential variations in the -63 to
-93 mV range. Such a result suggests that bursting activity was not an intrinsic property
of the recorded cell but it was probably generated via the interneuronal network.
consistently with the observation that 1 pM TTX fully blocked bursting activity. The
poor dependence of burst amplitude on motoneuron membrane potential in the tested
range suggests that cyclothiazide-induced bursting likely resulted from simultaneous or

intermixed activation of excitatory and inhibitory synaptic conductances.
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Fig R.17. Effects of cyclothiazide on evoked EPSPs.

Top panel: four superimposed EPSPs in control (left) or 25 uM cyclothiazide (right) solution. EPSPs
were evoked by low intensity (4 V) stimulation of corresponding dorsal root at 60 s intervals (to avoid
frequency dependent changes in synaptic transmission). Note increase in peak amplitude and area of
EPSPs in the presence of cyclothiazide while the time constant of decay is unchanged. Resting
membrane potential: -78 mV. Bottom panel: histograms of EPSP amplitude (left; mV) or area (right;
mV*ms) in control solution (open bars, n=22) or in the presence of cyclothiazide (crosshatched bars,
n=20). Data are normalized to the mean values obtained in control conditions for each of 4 cells.
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A (top): continuous sample tracings of spontaneous events in control conditions. Histogram of their distribution is shown
in the right hand plot. Note prevalence of events in the range between 5-10 mV. A (bottom): similar tracings from the
same cell after 15 min application of cyclothiazide display increased frequency and amplitude of synaptic activity, which
is quantified in the right hand side histogram. Note prevalence of events in the range between 10-20 mV. Resting
membrane potential: -85 mV. B: Histograms of distribution (in a different motoneuron) of spontaneous events in the
absence (left) or in the presence (right) of cyclothiazide (25 uM). Note the increased number of events in the presence of
cyclothiazide. In this cell the majority of events was between 0 and 10 mV both in control and in the presence of

cyclothiazide. Resting membrane potential: -85 mV.
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Fig R.19. Bursting activity evoked by cyclothiazide.

A: Consecutive traces characterized by repetitive bursting activity, often with superimposed spikes (truncated) and large
synaptic events of variable amplitude and duration. These phenomena appear after 10 min exposure to 25 pM
cyclothiazide. Membrane potential was changed from -63 to -93 mV (as shown by values alongside traces) by direct
current injection. No significant reduction in amplitude and duration of spontaneous bursts is found. B: Application of
GABA (1 mM) at two different membrane potentials (indicated by values alongside tracings) produced either
depolarization or hyperpolarization during which bursting activity was suppressed. Downward deflections are
hyperpolarizing electrotonic potentials (induced by -0.1 nA current pulses). Calibration bars: 27 mV, 40 s. C: Plot of
membrane potentials versus burst amplitude. D: plot of membrane potentials versus duration of spontaneous burst.
Measurements for C and D are taken over 2 min epochs.
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Cyclothiazide effecis on bursting activity in the presence of strychnine and bicuculline

Fig R.20 illustrates the typical effects of 25 UM cyclothiazide applied to the spinal cord
b the presence of strychnine and picuculline. Rhythinic bursting persisted in the presence
of cyclothiuzide, with increased frequency and decreased duration; furthermore the
bursting pattern regularity decreased in the presence of cyclothiazide. On a sample of 4
preparations, cyclothiazide induced the following changes: cycle period decreased by
53%16 % (P<0.001); burst duration decreased by 26+13 % (P<0.005); CVc increased by
42+12 % (P<0.05); CVd increased by 6534 % (P<0.05). As shown in the expanded
traces of fig R.20, the oscillatory intraburst structure was preserved in the presence of
cyclothiazide. Thus, when non NMDA glutamate receptors responses were potentiated
by cyclothiazide the generation of stereotypic bursts in the disinhibited spinal cord was
still possible, but the mechanism responsible for their regular rhythmic onset was
impaired.

Since cyclothiazide had been found to boost responses mediated by AMPA preferring
glutamate receptors and accelerate strychnine plus bicuculline-induced bursting, we
tested whether application of this agent could somehow counteract the action of NMDA
receptor antagonism in the disinhibited spinal cord. For this purpose, cyclothiazide (23
uM) was applied to preparations in which previous application of CPP (10 uM) had been
found to block rhythmic bursting completely (n=3). Cyclothiazide, applied after CPP
effects had been washed out, produced burst acceleration (fig R.21), as previously
described (see fig R.20). In the presence of cyclothiazide, re-application of CPP failed to
block rhythmic activity or to significantly affect its timecourse (as shown in fig R.21) in
all preparations tested. Thus, in preparations in which rhythmogenic networks were
impaired by NMDA receptor antagonism, bursting ability was recovered when AMPA
glutamate receptor activity was boosted by cyclothiazide. Furthermore, the present
evidence rules out the possibility that NMDA receptor-dependent pacemaker neurous
played a major role in this kind of rhythmogenesis, since the operation of these cells

should have been blocked in the presence of NMDA receptor antagonists.
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9. Reversal of bursting activity blockade by non NMIDA receptor antagonist.

These findings raised a question about bursting blockade by non NMDA receptor
antagonist. Is this bicck inswimcuntabie or, lke the case of NMDA aniagenism, can 1i be
reversed by mncreasing the excitavtlity of the rhythm-generating network? To clarify this
issue, 5-HT, that is known to depolarize spinal neurons (Takahashi and Berger, 1990)
and that has been found to accelerate bursting in the presence of strychnine and
bicuculline (see above) was applied to the disinhibited spinal cord in the presence of
CNQX, after bursting activity had been fully blocked by this antagonist (n=4). In 3/4
preparations a low dose of 5-HT (<10 pM) was sufficient to restore rhythmic bursting in
the presence of CNQX. This phenomenon is illustrated in the example of fig R.22 in
which block of bursting by CNQX was reversed by 5uM 5-HT. Under these conditions
burst amplitude was reduced, average burst frequency was similar to that observed in the
presence of strychnine and bicuculline alone (about 1.6 burst/min) and rhythmic pattern
regularity (that was poor in the absence of CNQX) was markedly increased. In the
remaining preparation application of 5-HT (up to 30 uM) failed to restore bursting.

When NMDA and non NMDA receptors were simultaneously blocked by CPP and
CNQX in the disinhibited spinal cord, it was impossible to restore bursting activity with

even when high doses (up to 100 uM) of 5-HT were added to the bathing solution (n=4).

10. Testing possible membrane mechanisms involved in rhythmogenesis

The experimental findings so far described showed that rhythmic bursting in the
disinhibited spinal cord was driven by a premotoneuronal network that required
glutamate receptor-mediated synaptic transmission for its operation and that was
strongly modulated by external application of NMDA and 5-HT. Nevertheless, the
mechanisms responsible for generation of a very regular rhythm in the absence of
synaptic inhibition were still to be clarified. In order to cast light on possible mechanisms
implicated in this activity, a study was performed on 39 spinal preparations to test the

role of three ionic membrane mechanism that are potentially involved in rhythmogenesis:
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strychnine and bicuculline

+ CNQX

—gh

1 min

Fig R.22. Bursting blockade by CNQX is reverted by ’5-H T.
Spontaneous bursting in the presence of strychnine and bicuculline (top) is fully abolished by CNQX
application (10 uM). Subsequent application of 5-HT (5 UM) in the presence of CNQX elicits
spontaneous rhythmic bursts. Recordings from left L5 VR.
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a) the slow calcium activated potassium conductance selectively blocked by apamin (Sah
1996); in the lamprey spinal cord pharmacological suppression of this conductance
prolongs cycle period and duration of bursts induced by NMDA (El Manira et al 1994).
In this case the apamin-sensitive calcium-activated potassium conductance(s), is thought
to be gradually activated during a burst (due to calcium entry in spinal neurons) and to
contribute to burst termination in the lamprey (El Manira et al 1994). It is reasonable to
hypothesize that a calcium influx also takes place in interneurons during long-lasting
depolarizing bursts in the disinhibited spinal cord. This influx could activate calcium-
dependent potassium conductances that would exert a hyperpolarizing action on spinal
neurons; this process could cause a decrease in neuronal excitability and contribute to
burst termination. In order to test this possibility, apamin was bath-applied during
rhythmic bursting in the absence of synaptic inhibition.

b) the slow inward rectifier conductance, that in the thalamus gives rise to intrinsic
neurons oscillations through a dynamical interplay with a low threshold calcium current
(McCormick and Pape 1990). An analogous inward rectifier conductance was found in
the neonatal rat spinal cord and is blocked by extracellular application of caesium
(Takahashi, 1990b). A mechanism similar to the one producing thalamic oscillations
could be in principle involved also in the generation of rhythmic bursts or intraburst
oscillations. This possibility was tested by extracellular application of caesium to the
disinhibited spinal cord.

c) the electrogenic sodium pump, that produces a long lasting hyperpolarization of
hippocampal neurons during recovery from glutamate-induced depolarization
(Thompson and Prince, 1986) and whose electrogenic activity is required for spacing
intrinsic bursts induced by NMDA in midbrain neurons (Johnson et al, 1992). A recent
modelling study (Li et al 1996) has also indicated that such a pump activity is important
to support numerically simulated bursting. We hypothesised that the long-lasting
depolarization characterizing a burst in the disinhibited spinal cord would result in a
progressive dissipation of sodium and potassium ionic gradients (due to massive sodium
influx and potassium efflux through synaptic and voltage-activated channels); increase in
intracellular sodium and extracellular potassium concentration would in turn produce a

strong activation of the electrogenic sodium pump, that would generate an outward
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current expected to decrease excitability and eventually terminate a burst. The activity of
the electrogenic sodium pump is selectively blocked by extracellular application of either
oubain, strophanthidin or potassium-free solution. (Horisberger et al. 1991; Glynn,
1993). These pharmacological tools were then separately tested in the disinhibited spinal

cord.

Effects of apamin

The action of apamin (0.4 pM) was tested on rhythmic bursting of the disinhibited spinal
cord in 6 preparations; examples of these experiments are illustrated with either
intracellular (fig R.23A) or extracellular recording from left and right L5 ventral roots
(fig R.23B): unlike the case of the lamprey spinal cord, in all preparations tested apamin
largely decreased cycle period and burst duration (on average by 4610 % and by 47+14
%, respectively; p< 0.001), as also illustrated by the histograms in fig R.25A. Expanded
timebase tracings on the right hand side of fig R.23A and B show that intraburst
oscillations persisted even if their number was usually diminished due to reduction in
burst duration (fig R.23A, B). In the presence of apamin bursts and intraburst oscillations
still appeared synchronously in left and right LS ventral roots (fig R.23 B). The effects of
apamin (which were not reversible for >2 hour washout) were not associated with anv
change in motoneuron resting membrane potential as indicated by intracellular
experiments (n=3). Other pharmacological agents able to block slow calcium activated
potassium conductances are muscarinic agonists (Schwindt et al. 1988; Storm, 1990).
Carbachol (10 pM) was tested on the rhythmic pattern of the disinhibited spinal cord.
Pooled data (see histograms in fig R.25B) indicate that this agent significantly (p<0.001)
reduced cycle period (by 64116 %) and burst duration (by 55+19 %; n=5) in manner
analogous to that observed with apamin. The present results showed that in the rat spinal
cord block of slow calcium activated potassium conductances accelerated bursting
without changing its intrinsic characteristics. It is thus clear that, unlike lamprey spinal
cord, in the rat disinhibited spinal cord these conductances do not play a specific role in

burst termination. Burst acceleration can be likely explained by tonic depolarization



caused by block of slow caicium activated potassium conductances on spinal

Interneurons.

Effects of caesium

Typical effects of caesium application (4 mM) on rhythmic bursting of the rat spinal cord
are illustrated in fig R.24A with recordings from one L5 ventral root. While burst
frequency was unaffected by this agent, burst duration was significantly increased as
shown also with the faster timebase responses on the right hand side of fig R.24A.
Individual oscillations became gradually longer within the burst episode while they had
similar duration prior to the application of caesium. The action of caesium was reversed
after 20 min washout (see bottom traces in fig R.24A). Similar effects were also detected
with intracellular recording (fig R.24B; different preparation from A) which indicated
that caesium increased burst duration by 80 %. In this cell caesium application caused a
resting membrane potential hyperpolarization of 9 mV. Neither repolarizing (via
intracellular current injection) the cell to its initial resting potential (-70 mV) nor
depolarization up to -55 mV membrane potential changed the action of caesium on burst
duration. Similar results were obtained from 8 preparations with either intracellular (n=3)
or ventral root recordings (n=5). On average, burst duration was increased to 170+47 %
of control (p<0.001) while burst cycle period was not significantly affected, as illustrated
by the histograms in fig R.25C. In intracellular recordings, caesium application produced
an average hyperpolarization of 744 mV. While these findings outline a contribution of a
caesium sensitive inward current to the control of burst length (see Discussion), it seems

that the predominant mechanism responsible for burst generation remained elusive.

Pharmacological inhibition of the electrogenic sodium pump

Three different methods to block the electrogenic sodium pump activity, namely
application of ouabain, or strophanthidin or omission of extracellular potassium
(Horisberger et al. 1991; Glynn, 1993), were tested in the presence of strychnine plus
bicuculline-induced spinal bursting. Fig R.26 illustrates the effects of ouabain (10 UM) on

an intracellularly recorded motoneuron. In this example, in the presence of strychnine



63

and bicuculline, the resting membrane potential was -70 mV and spontaneous bursts took
place at regular intervals (top row of fig R.26). Single antidromic stimulation (during
quiescent periods) evoked an action potentia! with 75 mV amplitude (right hand side
panel). Such a stimulation did not influence subsequent bursts. After a latency of
approximately 5 min from the start of ouabain application, the motoneuron membrane
potential slowly depolarized and, after 15 min in the presence of ouabain, it reached -64
mV when bursts appeared irregularly and had highly variable duration, since events
lasting tens of seconds coexisted with short discharges (see middle tracing of fig R.26).
At this stage a full antidromic spike could still be evoked although of reduced amplitude
(63 mV) owing to depolarization (see right hand side middle tracing). After 20 min
application (see bottom tracings of fig R.26), the motoneuron membrane potential
declined to -50 mV and the antidromic spike amplitude was 38 mV. This phase was
characterized by long quiescent periods that were interrupted by spontaneous bursts of
irregular duration so infrequently to make impractical any quantitative analysis of
residual events. In order to check the viability of the spinal network under these
conditions, dorsal root stimuli (of intensity sufficient to activate polysynaptic pathways)
were delivered during quiescent periods and were found to evoke long lasting bursts
similar to the ones appearing spontaneously, as illustrafed in the bottom row of fig R.26.
Further exposure to ouabain slowly led to suppression of electrical excitability. Similar
results were obtained from 8 spinal cord preparations recorded either intracellularly
(n=4) or extracellularly from left and right L5 ventral roots (n=4) in which, in the
presence of ouabain, irregular bursts appeared synchronously. These effects could not be
reversed on ouabain washout.

Analogous data were obtained with bath application of strophanthidin (4 pM), another
selective blocker of the electrogenic sodium pump, as illustrated by simultaneous
recordings from left and right LS ventral roots in fig R.27. After a latency of 6-10 min
from the beginning of strophanthidin application, regular rhythmic bursts (induced by
strychnine and bicuculline; see pair of top tracings of fig R.27 for control condition) were
gradually converted into chaotic activity (shown at 30 min in the pair of middle tracings),
characterized by bursts of variable duration and unpredicfable onset, similar to those

observed in the presence of ouabain. Like the case of regular bursts observed in the
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presence of strychnine and bicuculline only (top tracings), even this chaotic activity
(middle tracings) appeared synchronously in left and right ventral roots. Further
exposure (40 min) to strophanthidin brought about nearly-complete suppression of
bursting even if dorsal root stimulation elicited bursts of variable duration. Recovery
from strophanthidin was observed albeit extremely slowly; regular rhythmicity returned
only after 2-3 hour washout (bottom row of fig R.27). Similar results were obtained in 4
preparations in which ventral root recording was preferred to intracellular one in order to
perform continuous long lasting monitoring of burst suppression and recovery.

When normal solution was replaced by potassium-free solution (n=4 or n=3 preparations
for extra or intracellular recording, respectively), changes in the spontaneous bursting
pattern (evoked by strychnine and bicuculline) started after approximately 20 min and
developed fully after 40-60 min as exemplified in fig R.28A for an AC-coupled recording
from L5 right ventral root. Large control bursts (top trace) were converted into short
episodes of variable amplitude and interposed with small and brief spontaneous events
without any ordered pattern (middle). Return to control solution (with strychnine and
bicuculline) gradually re-established bursting patterns after 40 min washout (bottom). Fig
R.28B shows similar changes developing in an intracellularly-recorded motoneuron (-72
mV resting potential) in which the regular bursting pattern was replaced by irregular
activity of shorter duration and with spontaneous fluctuations in baseline potential (-81
mV at rest). Recovery required very long washout periods (>40 min) which
compromised intracellular recording stability.

Thus, similar effects on bursting activity were observed after application of ouabain.
strophanthidin or potassium free solution, suggesting that such effects were effectively
due to impairment of the electrogenic sodium pump. Dramatic loss of bursting pattern
regularity in the presence of electrogenic sodium pump blockade while the spinal
network was still able to produce (irregular) long lasting bursts, strongly suggests that
the activity of the electrogenic sodium pump was an essential pacemaker mechanism
within rhythmogenic networks. In the Discussion section a model based on reciprocal
excitation between neurons and on the electrogenic sodium pump dynamics is considered

for its ability to produce rhythmic bursts and intraburst oscillations through rhythmic
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Fig R.23. Spontaneous rhythmic bursting evoked by strychnine and bicuculline in the isolated spinal cord of the neonatal
rat is affected by bath-applied apamin (0.4 uM).

A: intracellular recordings from a lumbar motoneuron displaying regular bursting (a single bursting episode, marked by
asterisk, is expanded on the right hand side to reveal intraburst oscillatory structure) in the presence of strychnine and
bicuculline (top tracing) and following 20 min application of apamin. Note decrease in cycle period and burst duration.
Value alongside traces are membrane potentials at rest. B: comparable data recorded from left (1) and right (r) L5 ventral
roots (different preparation from A) at slow (left) or fast (right) timebase. Asterisks denote expanded burst episodes. Note
similarity of extracellular records to intracellularly-recorded responses and analogous action of apamin which reduces
cycle period and burst duration synchronously in both lumbar roots.
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Fig R.24. Effects of extracellularly applied caesium (4 mM) on strychnine and bicuculline-induced bursting.

A: extracellular recording from LS5 ventral root before (top), after 20 min application of Cs* (middle) and after 20 min
washout (bottom). Right hand side responses are expanded events marked by asterisks. Note large prolongation of
individual bursts with enhanced oscillatory activity. B: intracellular recording from lumbar motoneuron (different
preparation from A) showing individual bursts before (left) and after application of Cs" (right). Note similarity to effects
recorded extracellularly, and associated with 9 mV hyperpolarization from -70 mV initial resting potential.
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Fig R.26. Action of ouabain (10 UM) on strychnine and bicuculline induced bursting.

Top: control bursts (displayed at slow speed) with alongside averaged (n=5) antidromic spike from -70
mYV resting potential. Middle: after 15 min application of ouabain membrane potential is depolarized to -
64 mV (corresponding to the end of trace) with strong disruption of burst rhythmicity and structure.
Antidromic spike is reduced in amplitude but still present. Bottom: bursts evoked by single pulses
applied to segmental dorsal root (see arrows) 20 min after the start of ouabain application which has by
now suppressed spontaneous rhythmicity. Antidromic spike from -50 mV resting potential is shown on

the right.
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activation and inactivation of voltage dependent conductances and progressive activation

of the electrogenic sodium pump during a burst.

11. Modulation of rhythmic bursting by DR or VL afferent fibres.

An interesting question is whether the rhythmogenic network responsible for rhythmic
bursting in the presence of strychnine and bicuculline is accessible to external synaptic
inputs and to what extent such inputs are able to modulate its operation as one might
expect for a network capable of expressing appropriate responses to behavioural
requisites (Marder and Calabrese 1996). Since in the mammalian spinal cord
rhythmogenic networks controlling patterned motor activity (locomotion, scratching,
etc.) are modulated by sensory inputs and descending pathways, it was important to
examine whether the bicuculline plus strychnine induced rhythm is similarly susceptible to
modulation by such afferent inputs. Hence, a study was undertaken to clarify whether
synaptic inputs from DR or ventrolateral (VL) descending fibres could affect
rhythmogenesis, whether the characteristics of bursting were modified by afferent
signals and whether such a rhythm could be entrained by patterned afferent impulses.

DR and VL stimulations in control solution activate polysynaptic pathways impinging on
motoneurons (Pinco and Lev-Tov, 1993a; 1994). In the absence of synaptic inhibition it
was of interest to investigate whether, under certain conditions, DR or VL stimulation
could activate polysynaptic pathways independently from bursting activity, because these
would reveal that such pathways are not part of the rhythmogenic network.

To clarify these issues, intracellular and extracellular experiments were performed on 35
spinal cord preparations in the presence of strychnine and bicuculline, using DR or VL
stimulation at intensity between 1 and 4.5xT in order to recruit low threshold fibres

(Kiehn et al, 1992; see Methods for stimulation procedures).

Characteristics of intracellularly-recorded bursts

The effects of DR stimulations delivered during spontaneous bursting were firstly studied
with intracellular recording from motoneurons. An example of this type of experiment is

illustrated in fig R.29A: under current clamp conditions an L5 motoneuron displayed the
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typical bursting pattern (top trace) with spontaneous bursts comprising large amplitude
intraburst oscillations and action potentials, as shown on the left of the second trace of
fig R.29A where part of the record 1s displayed at higher speed. The interburst period
was characterized by synaptic quiescence. The arrow in the top trace of fig R.29A
indicates the time when a single stimulus (1.5xT) was delivered to the ipsilateral L5
dorsal root. Such a stimulation evoked a bursting event similar to the spontaneous ones
and comprising an equivalent intraburst oscillatory structure, as also illustrated on a
faster timescale in the bottom trace of fig R.29A (right). The dorsal root stimulation did
not disrupt the regular pattern induced by strychnine and bicuculline but merely reset it.
since the interval between the stimulus and the onset of the subsequent spontaneous
burst was similar to the spontaneous cycle period which then resumed its regular rhythm.
Comparable data were obtained from 5 intracellular experiments (in 4 different
preparations) in which single DR stimulations were delivered at different phases of the
cycle (during the quiescent period). Dorsal root stimulation reset the spontaneous rhythm
regardless of its timing after the end of the previous spontaneous burst. To assess
quantitatively this phenomenon, the interval between the onset of an evoked burst and
the onset of the following spontaneous one was plotted as a function of the time between
the end of the preceding spontaneous burst and the stimulus (fig R.29 B; n=5). The slope
coefficient of the regression line of these data was not significantly different from zero.
Furthermore, the average interval between the stimulus and the onset of the next
spontaneous burst (25.3£3.3 s) was not significantly different from the average
spontaneous cycle period (28.242.3 s; measured for >3 min before stimulation). CV¢ or
CVd values measured over 3 min before stimulation were not significantly different from
corresponding values measured over 3 min after stimulation (CVec=17+6% and 15+5%;
CVd= 1044% and 1244%).

The sensitivity of bursts to stimulation strength (range between 1XT and 4XT) was next
tested. In the presence of strychnine and bicuculline the threshold for postsynaptic
potentials (PSPs) did not change with respect to the one found in control solution;
nevei’theless, even a PSP at or just above threshold was always followed (after a certain
latency) by a burst. This is exemplified in fig R.29C in which the fast traces display the

short-latency PSP and the initial component of the bursting episode. While amplitude,
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duration or structure of evoked bursts did not depend on pulse intensity (data not
shown), the burst time-to-peak (from stimulus artefact to initial peak of evoked burst)
was strongly related to the stimulus strength as illustrated by the intracellular record in
Fig R.29C (different preparation from Fig R.29A). A single 1.IXT stimulation (note
downward deflection representing stimulus artefact and delivered after 215 s quiescence)
elicited, first, a short latency (<10 ms) small amplitude PSP (amplitude=2.1 mV) which
was followed by a burst peaking at 265 ms. Under the same conditions, increasing
stimulation intensity to 1.3 or 1.7xT decreased the burst time-to-peak to 206 or 129 ms,
respectively, while the PSP grew in amplitude from 11.2 to 21.3 mV without latency
change. With 3.4xT stimulation, the burst peaked at 94 ms so that it became
indistinguishable from the PSP. On the other hand, as previously mentioned, single or
repetitive stimulations of one (or more) VR at intensity up to 10xT applied during

quiescent periods did not trigger or affect bursting (see fig R.9 and related text).

Entrainment at different frequencies

Repetitive stimulation protocols often led to unstablé recording conditions which made
unsuitable the use of the intracellular technique for this type of study. Bursting
entrainment was further investigated by means of VR recordings.

Entrainment of bursting was defined as the ability of a periodic external stimulus to elicit
bursts on a 1:1 basis. The effects of repetitive DR stimuli delivered at various intervals
were first tested. Fig R.30 illustrates one example in which left L5 VR activity was
recorded during stimulation (at different periods) of the ipsilateral L5 DR. Spontaneous
bursting (top trace) took place with a cycle period of 25.4+.1.8 s and a burst duration of
2.840.5 s. Individual bursts comprised several intraburst oscillations, as shown in the
expanded trace (on the right) of the arrowed event (on the left). An example of
entrainment is shown in the middle trace of Fig R.30. In this case stimuli were delivered
at 10 s intervals and 3XT intensity. Each stimulus was followed by an evoked burst
similar to the spontaneous ones but significantly (P<0.01) reduced in duration (on
average 2.140.3 versus 2.840.5 s, sec also expanded trace on the right). For this

preparation the minimum period at which entrainment was possible was 2 s (not shown).
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Bottom row of Fig R.30 shows that, while 1 s period stimulation failed to elicit bursting,
spontaneous bursting activity (with frequency similar to the one observed prior to
stimulations) rather unexpectedly returned in the presence of DR pulses (the latter are
seen as fast upward deflections). When this type of stimulation ceased, spontaneous
bursting persisted with an apparently unperturbed timecourse. The expanded trace in
bottom row of Fig R.30 (right) shows that at 1 s interval DR stimuli, despite the absence
of bursting entrainment, still elicited depolarizing reflexes (lasting 2200 ms) as indicated
by the time-locked responses which were still present even during spontaneous bursts
and seemed to be minimally influenced by the underlying burst. At the same time, bursts
maintained a timecourse similar to the one recorded in the absence of stimulations and
were not time-locked with the electrical stimuli. Similar results were obtained from 25
preparations using in each case stimuli of fixed intensity (3xXT) delivered to one L5 DR
while recording from the ipsilateral L5 VR. The lowest interval of stimulation able to
support entrainment was in the range of 2-5 s (see histogram of Fig R.31B) with an
average value of 2.8+.0.8 s. Spontaneous bursting which recommenced despite the 1 s
stimulus interval occurred with a period of 21.146.8 s, a value not significantly different
from the one in the absence of stimuli (24.744.5 s) although the CVp was larger
(24.5£10.8 versus 10.4%8.9 %) during such a stimulation.

We next explored the longest stimulus interval able to induce 1:1 entrainment of
spontaneous bursting. An example of this approach is illustrated in Fig R.31A in which a
spontaneous cycle period of 26.6+1.5 s (recorded from right L5 VR) was first observed
(top record). When DR stimulation was delivered at 30 s intervals (see middle trace of
fig R.31A), each pulse evoked a burst followed by a spontaneous one that preceded the
next evoked event. Bottom trace of fig R.31A shows comparable data with an
interstimulus interval of 40 s. Thus, in neither case the stimulation period was able to
entrain bursting. In this preparation the maximum period for one-to-one entrainment was
20 s, corresponding to a situation in which bursts never appeared spontaneously during
stimulation. This maximum stimulus period for entrainment was lower than the period for
spontaneous bursting. Values for the largest interval of stimulation are illustrated by the

histogram of Fig R.31C (n=15 preparations), with an average value of 19.5+3.8 s.
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Collectively, these data show that entrainment was possible over a relatively wide range
of stimulation periods (typically between 2 and 20 s) and that at shorter stimulation
intervals, the activity of the burst generator was separated from that of the interneurons

participating in the polysynaptic (DR-evoked) motoneuronal reflex.

Side-to-side coordination during DR entrainment

As previously shown, in the absence of synaptic inhibition spontaneous rhythmic bursts
and intraburst oscillations took place simultaneously on both sides of the cord. In order
to verify whether such a synchronicity was preserved during repetitive DR stimulation.
we recorded bilaterally from pairs of homologous VRs while stimulating one DR at the
same segmental level. An example is illustrated in Fig R.32. In this case, stimulations
(2xT) were applied to left L5 DR while recording from left and right LS VRs. At 5 s
stimulation period, evoked bursts comprised 3-5 intraburst oscillations, that appeared
simultaneously on both sides of the cord (top tracings). At 1 s stimulation period (bottom
tracings), bursts could not be entrained (see also fig R.30) and appeared simultaneously
on both sides. Under these conditions DR stimulation evoked a depolarizing reflex from
the ipsilateral VR, but was almost ineffective on the contralateral VR, as indeed observed
even before adding strychnine and bicuculline (records not shown). Similar results were
obtained with bilateral recording from LS5, L4 or L3 VRs in 4 preparations. These data
suggest strong, bilateral coupling of the rhythm generating network since bursts could
not be restricted to one side only even by DR stimuli strongly asymmetrical in their

ability to generate PSPs.

Dependence of burst duration on stimulation period

Since each preparation could be entrained by DR stimulation within a wide range of
periods, the question then arises whether within this range burst duration and intraburst
structure were also affected. This issue was explored in experiments like the one
depicted in Fig R.33A. This preparation could be entrained between 15 and 2 s
stimulation interval (intensity=3xT) and records pertaining to 10, 5 and 2 stimulation

periods are shown from top to bottom of fig R.33A. At 10 s stimulus period (top of fig
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R.33A), evoked bursts lasted 4.1£0.4 s and comprised 9-13 intraburst oscillations (note
that fast downward deflections are spike activity of ventral roots). At 5 s stimulus period
burst duration was 2.1£0.2 s with 4-7 intraburst oscillations. At 2 s stimulus period,
burst duration was reduced to 1.1£0.1 s and bursts comprised only 3 discernible
oscillations. These changes in burst duration were statistically significant (P<0.01)
although they were not accompanied by significant changes in burst amplitude.
Analogous results were obtained from 15 preparations. The average dependence of burst
duration on stimulation period is plotted in Fig R.33B, where data are normalized with
respect to the burst duration measured, in each experiment, for 10 s stimulation period. It
18 apparent that burst duration decreased over a five-fold range when stimulation period
was decreased, thus allowing the network to return earlier to the quiescent state when

temporally closer stimuli were delivered.

Dependence of entrainment on stimulation strength

We also investigated whether the range of stimulation period which supported
entrainment depended on the stimulus strength. An example of this type of experiment is
illustrated in Fig R.34. Fig R.34A shows left L5 VR responses induced by single pulses
applied to the ipsilateral .5 DR at 1xT or 4xT in control solution before application of
strychnine and bicuculline. While 1XT stimulation elicited a slight depolarizing response
(0.12 mV amplitude), 4xT stimulation not only produced a larger depolarization (0.24
mV) but also a fast, large-amplitude biphasic response presumably due to motoneuron
action potentials. After establishing spontaneous bursting with strychnine and bicuculline
(not shown), both stimulus strengths (at constant 10 s period) were able to entrain bursts
(Fig R.34B) which possessed similar amplitude, duration and intraburst oscillatory
structure, as also illustrated in the expanded traces of Fig R.34C. Like the case of a
single DR stimulus (see fig R.29 C), only the time-to-peak of bursts depended on
stimulation strength, as shown by the fast timescale tracings of Fig R.34D: with 1xT
stimulation the initial peak was reached after 70-80 ms, while with 4XT stimulation it
was reached after 25-35 ms. In the latter case a fast biphasic response similar to that

observed in control solution was also present.



71

When the stimulation period was decreased, major differences between the effects of
IXT and 4xT stimulations emerged. These are illustrated in Fig R.35A (same preparation
as i fig R.34). In the upper trace 1XT stimuli (2 s period) could not entrain rhythmic
activity, even if each stimulation generated a depolarizing reflex (duration 2200 ms).
Lower trace of fig R.35A shows the effect of increasing stimulation intensity to 4xT: in
this case entrainment at 2 s period was possible as each pulse evoked a burst (lasting on
average 1.25 £ 0.05 s). These results are summarized in fig R.35B in which the lowest
limit for the stimulation period capable of burst entrainment was plotted agaimst values
for stimulation intensity (1-4.5xT range). It appears that with 1XT intensity, entrainment
was possible only at periods = 10s; between 1XT and 2.5XT values the lowest period at
which entrainment was observed decreased from 10 s to 2 s and reached a steady state
level for intensities higher than 2.5xT. Conversely, changes in stimulus strength did not
alter the largest value of stimulus period able to support entrainment (data not shown).
Similar results were obtained in two other preparations These results indicate that during
closely spaced pulses the efficacy of DR pathways in triggering a burst episode was

critically dependent on the stimulation intensity.

Entrainment with VL stimulation

In order to analyze whether entrainment of the spontaneous rhythm in the disinhibited
cord was restricted to DR stimulations we also investigated the effects of VL
stimulations. In control solution these pulses (0.1 ms) evoked short latency (3-4 ms)
synaptic responses comprising a depolarizing component (with superimposed spike
activity when stimulus intensity was >3XT) decaying biexponentially. These responses
are similar to those previously reported for motoneuronal EPSPs evoked by VL
stimulation (see for example Elliott and Wallis, 1993). In order to avoid excessive
stimulation, pulse intensity was usually fixed at 3xT. In the presence of bicuculline and
strychnine a single VL stimulus evoked a burst similar to the spontaneous ones and reset
the spontaneous rhythm (data not shown) in the same fashion as previously found with
single pulses applied to a DR (see fig R.29). These observations prompted testing an
extended range of VL stimulus periods to find out their entrainment ability. Fig R.36

depicts the effect of three different stimulating periods on a preparation with stable
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Fig R.29. Effect of DR stimulation on spontaneous bursting recorded intracellularly from lumbar motoneuron.

A, top: spontaneous bursts occurring in the presence of strychnine and bicuculline are reset by a single DR pulse (1.5%T;
applied at the time indicated by arrow) which induces a bursting episode. Note that, after this event, bursting
recommences with similar period as before. Bottom: expanded timebase trace of two individual bursts either arising
spontaneously (left, immediately before electrical pulse) or evoked by DR stimulus (right). Note similar structure and
duration of evoked and spontaneous events. Resting potential=-71 mV. B: scatter plot of the interval between the end of
the preceding spontaneous burst and the stimulus (abscissa) versus the interval between the stimulus and the first
spontaneous burst (ordinate, data are normalized with respect to the mean of interburst interval for spontaneous bursting
in each cell, n=5). The horizontal line is the regression line fitted to the data. C (different cell from A): fast timebase
records of responses elicited by DR pulses of varying intensity (indicated in terms of T values) and comprising initial
synaptic potential followed by burst with latency progressively reduced up to fusion with early synaptic response (bottom
row, right). Resting potential=-74 mV.
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Fig R.33. Dependence of burst duration on stimulation period.

A, top: bursts entrained by 10 s period of DR stimulation. Biphasic stimulus artefacts at the beginning of each burst are
closely preceded by short, upward calibration steps (0.5 mV). Fast downward deflections during burst oscillations are
summated spike responses of motoneurons. Middle: halving the stimulation period produces a reduction in burst duration
of approximately 50 %. Bottom: 2 s period of stimulation still produces 1:1 entrainment of bursts which become short
event of about 1 s duration but retaining their oscillatory structure. B: graph of stimulation period (log scale; s) versus
burst duration normalized with respect to response observed in each preparation with 10 s period of stimulation. Data are

from 25 preparations.
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Fig R.34. Effects of changes in stimulus intensity on the ability to entrain bursts.

A: in standard solution (without addition of strychnine and bicuculline) a just threshold (1XT; left) or 4xT (right) pulse to
L5 DR evokes small synaptic response or larger event with spike activity (see biphasic event during early part of
response). Responses are averages of 5 recordings in each instance. B: in the presence of strychnine and bicuculline 1xXT
or 4xT stimulation (10 s period) produces 1:1 entrainment of bursting. C: faster records of event marked by arrows in B
indicate similar oscillatory structure of evoked bursts. Voltage calibration refers to panels B and C. D: on an even faster
timebase the early component of the evoked bursts depicted in C is displayed. Note that stronger pulse elicits response of
shorter latency and with earlier spike activity.
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Fig R.35. Different stimulus intensity shows differential ability to induce burst entrainment.

A, top: at 2 s stimulation period a weak pulse intensity (1XT before addition of strychnine and bicuculline) fails to support
burst entrainment; a spontaneous burst develops during repetitive electrical stimulation (large downward deflections are
spike activity of motoneurons); bottom: at the same stimulation period as above increase in pulse strength (4xT) supports
1:1 entrainment of bursts. B: graph of stimulus intensity (expressed as multiples of threshold, T, obtained before adding
strychnine and bicuculline) of DR electrical pulses versus the lowest period of stimulation which allows burst
entrainment. All traces are from the same preparation shown in fig R.34.
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spontaneous bursting (average cycle duration= 26.0£5.2 s; burst duration=3.240.8 s:
recorded from left L5 VR). The top trace of fig R.36 shows that pulses at 10 s interval
fully entrained bursting on an 1:1 basis while the evoked burst duration (1.910.3s) was
significantly reduced with respect to the spontaneous one (P<0.01). One individual burst
(marked by vertical arrow) is displayed on the right at expanded time scale to indicate
that burst structure was preserved. The middle trace of fig R.36 shows that a train of 5 s
interval stimuli induced entrainment and significantly reduced (P<0.01) burst duration to
1.0+£0.2 s (see also faster right hand trace of recording marked by arrow). The lower
trace of fig R.36 represents the effect of 1 s interval stimuli: in this case the stimulation
did not elicit a burst, but only a polysynaptic reflex (lasting 64080 ms) similar to the one
recorded in the absence of strychnine and bicuculline (duration=480£70 ms). Despite the
continuous application of VL pulses at 1 s interval, spontaneous bursts still occurred
(although at slower rate in this example). The arrowed sample trace of fig R.36 is shown
on the right-hand side at faster speed which allows to observe that the burst started just
between two stimuli.

Similar data were obtained from 8 preparations, in which the minimum period of VL
stimulation (at 3xT intensity) able to support entrainment was 2-5 s (average=2.9£1.0 s).
In 4 cases in which VL stimulation at 1 s period was tested, it induced ventral root
responses similar in shape and duration (123134 %) to the ones obtained prior to
strychnine and bicuculline. During such a stimulation, spontaneous bursts developed with
an average cycle period of 31.2£11.8 s, not significantly different from that measured in
the absence of stimuli (26.316.8 s), even if in the former conditions the CVp was larger,
namely 20.0+7.3 % versus 11.7+7.4 %. In 7 preparations the largest interval of
stimulation able to support 1:1 entrainment was found to be on average 20.232.9 s.

Like the case of DR stimulations, decreasing the stimulus interval of VL pulses reduced
burst duration: in fact, the normalized duration of evoked bursts was changed from
1.540.3 to 0.25+0.12 when the stimulus interval was reduced from 20 to 2 s
(normalization was carried out with respect to data with 10 s stimulation period).

In two further preparations we investigated whether the range of stimulation periods for
which entrainment was possible depended on pulse strength. Results were similar to the

ones obtained with DR stimulations (cf. fig R.35). In both cases the lowest stimulation
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period that caused entrainment was 2 s when pulse strength was >3xT whereas with 1xT

stimulation intensity the lowest stimulation period was 10 s.

12. Effects of selective lesions on rhythmic bursting

As mentioned in the Introduction section, the issue of localization of the rhythmogenic
activity responsible for locomotion in the neonatal rat spinal cord is a complex one and
still not definitely resolved; in fact, some authors claimed that such a network is strictly
localized to the upper lumbar segments (L1/L2; Cazalets et al, 1995) while others
suggested that rhythmogenic ability is distributed along the rostrocaudal axis (Kjerulff
and Kiehn, 1996). In the case of the chick embryo preparation Ho and O’Donovan
(1993) have shown that both caudal and rostral segments of the lumbosacral cord can
generate this rhythmic activity and that neurones localized in the ventrolateral part of the
ventral horns are sufficient for the generation of motoneuronal bursting. Moreover, they
showed that during spontaneous motor episodes two different mechanisms are
responsible for burst frequency and burst duration and that these mechanisms can be
affected separately by experimental lesions. As shown in the former subheading, in the
disinhibited spinal cord repetitive stimulation of afferent synaptic inputs at intervals
shorter than 2 s revealed disconnection between polysynaptic reflex pathways and burst
generator activity. These data suggest that, under these conditions, rhythmogenesis was
produced by a specialized spinal network. An investigation was then carried out to cast
light on the localization of the rhythmogenic networks in the disinhibited spinal cord by
means of selective lesions including removal of segments, progressive hemisectioning and
ablation of dorsal horn tissue.

Lesions were performed on 37 spinal preparations with a small piece of razor blade after
observing control responses: data were normally collected following a 15 min
stabilization period after each lesion. Various types of lesion were produced: they
consisted of a) gradual cutting along the midline (sagittal plane cutting) thus yielding
two hemisected preparations, b) transverse sectioning (coronal plane cutting, thus
eliminating spinal cord segments) or ¢) cutting through a frontal plane yielding hemicords
with ventral horns only. The latter preparation was further divided along a sagittal plane

to produce a quadrant in which only one ventral horn was present. At the end of each
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experiment preparations were fixed with tissue freezing medium, sectioned and stained as

described in the Methods section.

Ablation of rostral or caudal segments

In order to investigate whether the networks localized to L1/L2 lumbar segments are
necessary for the rhythmic activity evoked by strychnine and bicuculline, we recorded
bilaterally from L5 ventral roots before and after ablation of the spinal cord segments
rostral to L3 (the lesion is schematically shown in fig R.37 A, left). Fig R.37 shows that
bursting persisted in both L5 ventral roots; rhythmic activity was also maintained in the
L2 ventral root (that is above the transection level) with frequency and duration not
significantly different from intact preparation. In 6/6 preparations rhythmic bursts (with
intraburst oscillations) persisted at the same frequency in the caudal segments after this
lesion (compare in fig R.37 A, top and bottom tracings taken from the same spinal cord
before and after surgical ablation). The average values for cycle period from 6
preparations confirmed the lack of change after removal of the upper spinal segments (fig
R.37 B, left). Burst duration became slightly shorter, as indicated by the right-hand side
records at faster time sweep (fig R.37 A). This phenomenon was however not
statistically significant as shown by the histograms from 6 preparations (fig R.37 B.
right). These data clearly demonstrated that in the disinhibited spinal cord both rostral
(L1-L2) and caudal (L3-L5) lumbar segments posses a similar rhythmogenic ability. It
seemed also of interest to explore the minimum number of segments necessary to support
bursting. In four cases the portion of the cord localized caudal to L6 was subsequently
removed without change in burst frequency and duration. Furthermore, a tissue block
containing only L4 and L5 segments (n=3) generated bursts (recorded from L5 ventral
root) of more irregular nature as indicated by their elevated coefficient of variation for
the cycle period (on average 75% vs 12% in the intact cords). Burst duration was on
average decreased by 59% with respect to the intact preparations. A block of tissue
comprising the L5 segment only (n=3) displayed irregular and infrequent spontaneous
bursts occurring on average at 7.3%3.7 min interval and lacking intraburst oscillations

(burst duration was 3.332.6 s).
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Sagittal sectioning of the spinal cord

Since the present pattern consists of simultaneous bursting of homologous ventral roots,
we tested whether side-to-side neural connections at different segmental levels were
necessary to maintain synchronicity. To this end we first performed progressive
hemisectioning from the caudal part of the cord (as indicated by dotted lines at the top of
fig R.38 A), while recording from left and right L5 ventral roots. Fig R.38 A shows that,
even when the cord was bisected up to L4 or L2 (termed type I or II lesion,
respectively) rhythmic bursts still took place simultaneously in LS5 ventral roots. Similar
results were obtained in 4 preparations. In the example of fig R.38 A sagittal
hemisectioning also produced shortening of individual burst duration. This phenomenon
was however not statistically significant when data from 4 preparations were pooled
together (see below). The average values observed for burst frequency and burst
duration are illustrated in the plots of fig R.39A, in which the type I and II lesions are
grouped as caudal hemisection protocol (open columns). While burst frequency and burst
duration were not significantly affected by these lesions, the coefficient of variation of
the cycle period (but not the one of burst duration) was largely increased (+ 168 %) after
type II lesion. Thus, such a lesion affected the regularity of burst onset without any
concomitant change in burst duration regularity. When the cord was further split up to
L1 level, complete synchronicity was maintained in 2/4 preparations. Further splitting up
to thoracic level resulted in burst desynchronization in all cases.

Analogous results were observed when the hemisection was performed starting from the
rostral end of the cord (rostral hemisection protocol; n=4). In this case bursts still took
place simultaneously in L5 ventral roots even when the cord was split down to L6 (type
III lesion) or to S2 (type IV lesion), as shown in fig R.38 B. The effects of these lesions
on the average values of cycle period and burst duration are plotted in fig R.39 B. Even
in this case no significant changes were observed in these values but the coefficient of
variation of the cycle period was largely increased after lesions III and IV (+531 % and
+590 %, respectively). Moreover, burst duration appeared to decrease after each lesion
although this effect was not statistically significant. Further Splittirig of the spinal cord

resulted in partial or complete loss of synchronicity in all cases. Thus, side-to-side



76

connections localized more than 3 segments apart from L35 level (either rostrally or
caudally) are sufficient to maintain rhythmic bursts synchronous in L5 ventral roots.

Complete hemisection of the spinal cord was performed on 4 intact preparations. In all
cases rhythmic bursting in left and right L5 ventral roots persisted without synchronicity.
In two cases the two halves displayed different burst frequency and duration (see fig
R.38C) while in the other two ones burst frequency and duration were similar for the left
and right sides, although no longer temporally locked together. Plots of fig R.39C
(obtained by pooling all data from both sides of each preparation) show that in addition
to a strong increase in the coefficient of variation of cycle period, complete hemisection
caused a significant reduction in burst duration. These data demonstrate that each side of
the spinal cord possessed the neural substrate necessary to produce rhythmic activity in

the presence of strychnine and bicuculline.

Effects of dorsal horn ablation

After dorsal horn removal from the chick embryo spinal cord the remaining network,
localized in the ventral horns, is still able to perform coordinated rhythmic activity (Ho
and O’Donovan, 1993). In order to test whether in the neonatal rat spinal cord ventral
horn networks were able to generate rhythmic activity in the absence of synaptic
inhibition, we recorded from L5 ventral roots before and after a frontal section which
removed the dorsal horns and the central canal area from spinal cord preparations
comprising lumbosacral segments. In 5 such preparations histological examination of
stained sections confirmed that only the laminae localized ventrally to the central canal
had been left (see example in fig R.40 B). In all these cases, rhythmic bursts were still
observed in lesioned preparations as illustrated by a representative example in fig R.40 A.
While the cycle period was unaffected by dorsal horn removal, a significant reduction in
burst duration was consistently observed even if intraburst oscillations were still
detectable. Average values of cycle period and burst duration before and after dorsal

horns ablation are plotted in Fig R.40C.
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Rhythmic activity in isolated ventral horns

In 4 preparations exposed to strychnine and bicuculline rhythmic bursting was studied
after surgical removai of dorsal horns plus one ventral horn which left an isolated spina!
cord quadrant. Such a lesion, performed on a preparation consisting of 4-5 lumbosacral
segments, was confirmed histologically on transversal slices of the tissue (see example in
Fig R.41 B). Fig R.41 A illustrates recordings from L5 ventral root before and after this
procedure. Rhythmic bursts were still present after lesion, their frequency was larger than
in control, while their duration decreased. Similar results were observed in the other
preparations. The average values for cycle period and burst duration are plotted in fig
R.41 C. In all cases burst frequency increased after this lesion with a concomitant
decrease in burst duration. Both effects were statistically significant (fig R.41 C). The
oscillatory structure of bursts, typical of intact preparations, was always lost after this
lesion and bursts were converted from multi-component events (lasting on average about

7 s) to shorter (1-3 s) single discharges (fig R.41 A).

Sensitivity of lesioned preparations to 5-HT and NMDA

In fully hemisected spinal cords and in preparations consisting of isolated ventral horns
application of 5-HT (10 puM) or NMDA (5 uM) in the presence of strychnine and
bicuculline always resulted in a concomitant increase of burst frequency and decrease of
burst duration, similarly to what observed in intact spinal cord (see fig R.13 and related
text for NMDA effects, and fig R.14 and related text for 5-HT effects on intact
preparations). In the presence of 5-HT, cycle period and burst duration were
significantly (p<0.0001) decreased by 40+11 % and by 53%15 %, respectively, in
hemisected cords (n=3) and by 59+10 % and 3719 %, respectively, in dorsal horn-
ablated preparations (n=3). In the presence of NMDA, cycle periéd and burst duration
were significantly (p<0.0001) decreased by 4516 % and by 56+10 %, respectively, in
hemisected cords (n=2) and by 6219 % and 43%13 %, respectively, in dorsal horn-
ablated preparations (n=3). In isolated ventral quadrants (in which bursts were reduced
to single-discharge events) cycle period was significantly (p<0.0001) decreased by
NMDA or 5-HT (by 62421 % and by 5518 %, respectively, n=3). In these
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preparations, however, burst duration was not significantly affected by these agents. This
situation is illustrated in the example of Fig 42 A: in the presence of strychnine and
bicuculline alone, regular rhythmic bursts were recorded from L5 ventral root of an
isolated ventral horn. These cvenis were less than 2 s in duration and lacked intraburst
oscillations which were replaced by a plateau with sustained action potential firing (as
indicated by thickening of tracing during burst; right hand side panels of Fig R.42 A).
Application of 5 uM NMDA produced a strong increase in burst frequency (310 %) but
failed to affect burst duration significantly (see plots of Fig R.42 B). The faster tracings
of individual bursts shown in right hand side panels of Fig R.42 A also indicate that there
was no alteration in intraburst structure in the presence of NMDA. These results suggest
that two different mechanisms could underlie burst triggering and burst structure. The
second mechanism was probably lost after surgical isolation of a single ventral quadrant,
resulting in brief and unstructured bursts, while the mechanism responsible for burst
onset was still present. As a consequence, pharmacological manipulations with 5-HT or

NMDA were able to affect burst triggering only.
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Fig R.37. Effect of cross sectioning the spinal cord at L3 level on bursting activity.

A, AC-coupled sample records of bursting induced by strychnine and bicuculline in an isolated
preparation (intact) and after removal of the cord region rostral to L3 (see schematic diagram on the
left hand side). Righthand traces are faster records of arrowed events. B, histograms of cycle period
(left) or burst duration (right) calculated from 6 preparations before (open columns) or after (hatched
columns) this type of lesion. In this and subsequent figures (unless otherwise indicated) data are
normalized with respect to control values prior to the lesion.
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A intact hemisection caudal to L4 hemis. caudal to 1.2
‘- I ; A
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Fig R.38. Effects of sagittal hemisectioning of the spinal cord on bursting activity.

A, AC-coupled tracings (from left and right L5 ventral roots marked by filled triangles; 20 Hz lowpess
filtering) of bursting activity from the isolated preparation (intact; left) and after two types of lesion
bisecting the cord from the caudal end up to L4 (middle) or to L2 (right). Schemes of these lesions are
shown above corresponding traces. Synchronized bursting (with shorter burst duration) persists after
these lesions. B, similar tracings from a preparation in which the bisectioning was started from the
rostral end down to L6 (middle) or S2 (right) as indicated by schemes above traces. Also in this case
bilateral synchronicity of L5 bursting is preserved. C, example of bursting activity from a preparation
before (left) and after (right) complete hemisectioning of the spinal cord. The latter procedure leads to
alteration in the frequency of bursting for each root, loss of synchronicity between the left and right
ventral roots, and shorter burst duration.
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Fig R.40. Effect of ablation of dorsal horns on bursting activity.

A, DC-coupled records of bursting activity from L5 ventral roots before (intact; top) and after frontal section (ventral
horns only; bottom) which removes dorsal horns and area below midline (see stained section of this preparation in B,
either alone or within the schematic contours of the spinal cord). Right hand traces are shown with a faster time base to
depict individual burst (arrows) timecourse. Note that this procedure shortens burst duration. C, histograms of normalized
cycle periods (left) and burst duration (right) for unlesioned (open columns) or lesioned (hatched colums) preparations
(n=4). Burst duration is significantly decreased (P<0.0001; double asterisks).
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Fig R.41. Bursting activity in an isolated ventral horn quadrant.
A, DC-coupled tracings (from right L5 ventral root) in isolated preparation (intact; top) and after surgical isolation
(bottom) of a ventral quadrant. The latter is shown in B histologically either alone or within the idealized contours of the
spinal cord. Responses indicated by arrows are shown on the right hand side of A on a faster time base. C, histograms of
cycle period (left) or burst duration (right) for unlesioned (open columns) or lesioned (hatched columns) preparations

(n=4). Double asterisks indicate P<0.0001.
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Fig R.42. Sensitivity of bursting to NMDA in a ventral quadrant preparation.

A, DC-coupled tracings of bursting activity from left L5 ventral root in a ventral quadrant preparation (for details see Fig
R.41 legend) in strychnine and bicuculline solution (top) to which NMDA (5 pM) is then added (bottom). Right hand side
traces are shown with faster time base. Note increase in burst frequency in the presence of NMDA.

B, histograms of cycle period (s; left) or burst duration (s; right) in strychnine plus bicuculline solution (open columns) or
after addition of NMDA (hatched columns). Data are means of values observed during 5 min periods. Asterisks indicate
statistically significant difference (P<0.0001).
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DISCUSSION

The principal finding of the present study is the novel demonstration that in the neonatal
rat spinal cord pharmacological block of synaptic inhibition evokes spontaneous rhythmic
bursts in lumbar motoneurons, characterized by a frequency of about 2 events/min and by
a burst duration of about 7 s. This activity persisted as long as pharmacological block
was present and was expressed synchronously by all motoneurons innervating VRs at
lumbar level. Under these conditions, rhythmic bursts were strongly accelerated in a
dose-dependent manner by NMDA, 5-HT or by increasing extracellular potassium
concentration. Rhythmic activity in the disinhibited spinal cord was entrained on a one-
to-one basis within a ten-fold range of frequencies by repetitive activation of DR or VL
afferent inputs. Regular rhythmic bursting was still expressed by a reduced preparation
comprising only few spinal segments deprived of the dorsal horn tissue. Rhythmogenic
ability was maintained also by an isolated ventral quadrant, although in this case burst
duration was markedly reduced.

Preliminary electrophysiological tests performed on motoneurons (including
pharmacological sensitivity of DR evoked responses to glutamate receptor antagonism,
frequency-dependent depression of such responses and antidromic action potentials
elicited by electrical activation of VR fibres) were fully consistent with previous reports
(Fulton and Walton 1986a; Lev-Tov and Pinco 1992; Pinco and Lev-Tov 1993a)
obtained from the neonatal rat spinal cord; these data confirm that the spinal

preparations were in normal conditions during the present experiments.

1. Efficacy of block of synaptic inhibition.

Rhythmic bursts were consistently observed after co-application of strychnine and

bicuculline, at concentrations (1 and 20 uM, respectively) that are known to block
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GABAA and glycine receptors (DeFeudis and Somoza 1977; Moehler and Okada 1977;
Becker et al. 1988; Schneider and Fyffe, 1992). These receptors are selectively
permeable to chloride ions and are the main mediators of inhibitory processes in tie
mammalian spinal cord (Young and Macdonald, 1983; Davidoff and Hackman, 1984). In
the rat, these receptors are known to exert an inhibitory action within the spinal networks
starting from embryonic day 19. In fact, beyond this developmental stage
pharmacological block of either GABA, or glycine receptors results in strong
potentiation of the polysynaptic responses elicited in motoneurons by DR stimulation
(Wu et al, 1992). The acquisition of inhibitory properties by glycine and GABA
receptors at E19 is thought to coincide with a shift towards negative values of chloride
reversal potential of spinal interneurons (Nishimaru et al, 1996);

The expression of a spontaneous regular rhythm in the presence of pharmacological
block of inhibitory processes is important from a theoretical point of view because, as
discussed in the Introduction section, many models of spinal rhythmogenesis rely upon
synaptic inhibition (Grillner et al, 1991; Dale, 1995). Therefore, although findings in
other preparations indicated that strychnine and bicuculline at the concentrations used in
the present experiments were effective in blocking glycine and GABA4 receptors, it was
important to test whether such receptors were actually blocked in the spinal networks
under these conditions. Several results indicated that this condition was fulfilled for both
receptors during rhythmic bursting. Exogenous application of high doses of either GABA
(in the presence of the GABAp antagonist CGP 52 432) or glycine strongly depressed
DR-evoked reflexes in control solution; in the presence of either bicuculline or
strychnine, DR-evoked reflexes were strongly increased in amplitude and duration with
respect to control, but GABA or glycine, respectively, failed to affect these responses.
Furthermore, in the presence of strychnine, bicuculline and CGP 52 432, rhythmic bursts
were not affected by exogenous application of glycine or GABA. Thus, in the presence
of the respective antagonists, GABA4 or glycine receptors were not activated by high
doses of exogenously applied agonists, that were able to strongly depress polysynaptic
activity in control solution. These findings were supported by the observation that bath-
appliication of another GABA, antagonist, picrotoxin (100 uM), together with

strychnine, elicited rhythmic bursting identical to that elicited by bicuculline and
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strychnine. It is therefore unlikely that bursting could result from non specific effects of
bicuculline on molecular targets different from GABAa receptors, because such effects
would not be reproduced by the non competitive GABA, receptor antagonist picrotox:s.
In the case of glycine receptors, selective antagonists different from strychnine are not
commonly available; however, rhythmic bursting was unaffected when strychnine
concentration was increased from 1 to 10 uM (in the presence of bicuculline). This
observation confirms that block of glycine receptors was already complete at 1 pM, and
argues against non specific effects of strychnine, that would have been expected to
increase when strychnine concentration changed from 1 to 10 pM.

The observation that block of GABAg receptors per se did not produce major changes in
rhythmic bursting induced by strychnine and bicuculline demonstrates that activation of
this receptor type, that is involved in presynaptic inhibition in the spinal cord (Stuart and
Redman, 1992), was not required for such an activity.

Co-application of strychnine and bicuculline was necessary for regular rhythmic bursts to
take place. When bicuculline alone was applied to the rat cord it elicited bursting activity
highly irregular in onset and duration. Strychnine per se did not elicit spontaneous
bursting in the majority of preparations, although a burst-like event could be evoked
under these conditions by DR stimulation. In the cat in vivo, spontaneous network-
driven bursts can be evoked by strychnine (Fuortes and Nelson 1963; Schwindt and Crill
1981). This difference with the neonatal rat spinal cord in vitro might be explained by the
lesser functional role of the glycinergic system at 0-10 days (Paton and Richter 1995)
although the glycine receptor seisitivity to strychnine is the same as in the adult (Becker
et al. 1988). An alternative explanation is that during in vivo experiments the spinal cord
might receive synaptic inputs from sensory afferents and/or supraspinal regions; similarly
to DR stimulation in vitro, these afferent inputs could trigger bursting in the presence of
strychnine. Longer bursting events are observed in the cat in vivo in the presence of
penicillin, an agent that can interfere with GABAergic transmission (Schwindt and Crill
1984). As discussed below, the motoneuronal mechanisms involved in this activity
appear different from those observed in the rat spinal cord. However, the incomplete
understanding of penicillin effects makes a direct comparison with the present findings

difficult.



Bursting dependence on strychnine and bicuculline is also different from the one
observed in embryonic slices of rat spinal cord, in which rhythmic behaviour can be
consistently observed after biock of ¢iycine receptors. while a more variable behavicur
clicited by GAD A, antagonism (Streii, 1993).

While strychnine or bicuculline largely increased dorsal root-evoked reflex activity, only
strychnine caused the appearance of 4-8 Hz time-locked neuronal oscillations. These
oscillations are similar to the ones intrinsic to the spontaneous bursts in strychnine and
bicuculline solution and, as they were absent during the irregular bursting elicited by
bicuculline alone, presumably imply a particular role for glycinergic inhibition in the
decay phase of polysynaptic excitatory responses. Similarly, Cowley and Schmidt (1995)
have shown that application of strychnine (but not of bicuculline) during fictive
locomotion evokes 4-8 Hz packets of synchronized intraburst discharges. In organotypic
slices EPSPs clusters also appear at 5 Hz frequency during strychnine-induced bursts
(Streit, 1993). Thus, it seems likely that this kind of oscillatory behaviour specifically

arose from block of glycinergic inhibition in the neonatal rat spinal cord.

Experiments were performed to study the effects of low chloride solution on
spontaneous activity of motoneurons. This experimental condition is obviously different
from pharmacological block of inhibition because in low chloride solution GABA, and
glycine receptors can open in response to their agonists, even though their reversal
potential is expected to be strongly shifted towards a more positive value, thus reducing
(or suppressing) the inhibitory action of such receptors. Application of low chloride
solution elicited spontaneous rhythmic bursts characterized by a slower frequency with
respect to those evoked by strychnine and bicuculline. While the reason of such a
difference in bursting timecourse is still to be clarified, these data confirm that
interference with chloride-mediated inhibition specifically resulted into the expression of
a rthythmic behaviour in the neonatal rat spinal cord. Furthermore, when low chloride
was applied in the presence of strychnine and bicuculline, it failed to produce any
detectable effect on bursting activity, thus showing that chloride permeable synaptic

channels were effectively blocked in the presence of the antagonists.



2. Role of motoneurons in bursting activity.

Spontaneous activity ol neonatal rat motoneurons was characterized by a highly irregular
pattern of jow-argliiude depuiarizing synapiic potentials, that in sciic preparaiicns
tended to form randomly-appearing ciusters ot sativity. It 15 possibie that part of these
depolarizing events were mediated by GABA, or glycine receptors. In fact, the chloride
reversal potential of rat motoneurons (unlike interneurons) has been reported to remain
positive to resting membrane potential for up to 10 days of age (Takahashi, 1984, Wu et
al, 1992). Furthermore, impalement with a KCl-filled electrode could have caused
loading of the intracellular space by chloride, thus shifting the reversal potential toward a
more positive value. While a systematic investigation of motoneuron reversal potential
was not the aim of the present study, we found that under these impalement conditions
exogenous GABA application usually produced depolarizing responses in lumbar
motoneurons at normal resting potentials. In contrast to bicuculline application, that
converted motoneuronal activity into paroxysmal bursting, strychnine application
strongly reduced the number of spontaneous low-amplitude depolarizing synaptic events.
Therefore, it is possible that these events were mediated by glycine. An alternative
explanation is that, regardless of the receptors mediating such depolarizing events at the
level of the motoneuron membrane, strychnine application could have dramatically
changed the activity of the network impinging on motoneurons, thus reducing the genesis
of low amplitude events at premotoneuronal level and allowing the appearance of larger
amplitude evenis.

In the presence of sirychnine and bicuculline the spontaneous activity of motoneurons
turned into an extremely regular bursting pattern. Under these conditions bursts were
characterized by a stereotypic structure, with large amplitude membrane potential
oscillations (with an average frequency of about 4 Hz) developing during each individual
burst, that lasted, on average, for about 7 s. An important question is whether active
motoneuronal membrane properties played a role in the genesis of these events by giving
rise to intrinsic oscillation mechanisms or bistable behaviour, as described for other spinal
preparations (Hultborn and Kiehn, 1992; Grillner et al, 1991; see also Introduction
section). Alternatively, burst and intraburst oscillations could have been mainly mediated

in motoneurons by massive synaptic events. Several lines of evidence strongly argue in



favour of the second possibility. An intrinsic membrane mechanism giving rise to bistable
behaviour or plateau potentials is expected to be based upon a dynamic balance between
voltage-dependent conductances (Schwindt and Crill, 1984; Hultborn and Kiehn, 1992:
McCormick and Pape, 1990); changing the resting potential by several mV under
current-clamp conditions would be expected to affect such balance and its timecourse
dramatically. Furthermore, voltage-clamping the membrane at different holding potentials
should prevent the operation of such an intrinsic mechanism. In contrast to these
predictions, large changes in motoneuron membrane potential either under current-clamp
or voltage-clamp conditions always failed to affect burst or intraburst oscillation
timecourse. In the present experiments, by using intracellularly applied caesium and QX
222 to minimize voltage-activated sodium and potassium currents, it was possible to
obtain an apparently adequate voltage-clamp of burst currents which were events
typically slow and thus sufficiently resolved by the single electrode voltage-clamp
method. Under these conditions the amplitude of burst currents was approximately
linearly related to membrane potential and reversed at 0 mV. Similarly, under current-
clamp conditions burst amplitude decreased when motoneuron membrane was
depolarized. These findings indicate that bursts were generated by large synaptic events
resulting in rhythmic activation of excitatory receptors on motoneuron membrane. In this
sense the present phenomenon is therefore substantially different from motoneuronal
bursting induced in the cat in vivo by penicillin, in which prolonged depolarizations were
synaptically triggered but were maintained by activation of motoneuronal voltage-
dependent inward conductances (Scwindt and Crill, 1984).

The striking absence of detectable spontaneous activity during the interburst period
suggest that, in the presence of strychnine and bicuculline, excitatory interneurons
impinging on motoneurons remained at subthreshold level until they were suddenly
synchronized to discharge together in the presence of strychnine and bicuculline. The
observation that bursts and intraburst oscillations took place synchronously on both sides
within lumbar segments is consistent with the notion that all components of these events
were network-driven.

Did motoneurons contribute to rhythmogenesis or did they behave just as output

elements of the system? The second hypothesis is strongly favoured by the findings that
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repetitive VR stimulations delivered during interburst quiescent intervals consistently
elicited antidromic action potentials in the impaled motoneuron (and presumably in a
large population of motoneurons) but, in sharp contrast to DR stimulation, always failed
to evoke a burst or to affect bursting timecourse. Rhythmic activity therefore appears to
be produced by a premotoneuronal network, whose activity was strongly synchronized
throughout the lumbar cord and whose synaptic drive impinged on motoneurons giving
rise to rhythmic bursts.

Since under voltage-clamp conditions burst currents were inward at negative holding
potentials, reversed polarity at positive potentials and disappeared near 0 mV, it seems
likely that they were mainly generated by synapses electrotonically near the recording
electrode and displaying homogeneous sensitivity to the imposed level of membrane
potential. In particular, the burst reversal potential was similar to the one of excitatory
synaptic currents mediated by glutamate (Mayer and Westbrook 1987). The linear
dependence of burst amplitude on membrane potential suggests that these events were
not mainly mediated by NMDA receptors on the motoneuron membrane, since in the
presence of extracellular magnesium NMDA receptor-mediated responses are expected
to show a strong non-linear voltage dependence (Mayer and Westbrook 1987). Since
NMDA receptor antagonists had important effects on bursting activity (see following
subheading), it is feasible that the role of these receptors was mainly played at the level
of the premotoneuronal network. At motoneuronal level, non NMDA glutamate
receptors (that are not usually voltage dependent; Mayer and Westbrook 1987) could
therefore have played a major role. The non NMDA receptors antagonist CNQX blocked
bursting activity in the disinhibited spinal cord. This finding, however, does not allow to
discern whether the action of CNQX took place at the level of the premotoneuronal
network, at the level of motoneuron membrane or both. The observation that in the
presence of CNQX rhythmic bursts could be restored by 5-HT, although with reduced
amplitude, suggests that motoneuronal sensitivity to the rhythmic synaptic drive was not
fully abolished by CNQX, and that in the absence of 5-HT this agent actually blocked the
operation of the premotoneuronal rhythmic network and not only its action on

motoneurons. At the level of the motoneuron membrane, identification of other
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excitatory receptor mechanisms directly involving in mediating rhythmic synaptic drive
will require local application of selective antagonists.

As described in the Methods section, bursts were usually followed by a long
afterdepolarization, that often persisted up to the onset of the following burst. The origin
of this event was not clarified in the present study. Nevertheless, since an inward current
corresponding to such an event was not observed under voltage-clamp conditions at any
holding potential, it appears that such a phenomenon was not generated by the same

synapses giving rise to bursting currents.

3. Role of glutamate receptors in the rhythmogenic network.

Rhythmic ability in the presence of glutamate receptor antagonists

Since in the presence of tetrodotoxin or of the calcium channel blocker cadmium
rhythmic bursting was suppressed it is clear that action potential mediated synaptic
transmission was necessary for this activity. Glutamatergic synaptic transmission was
found to play a major role in the disinhibited spinal cord. As discussed above, non
NMDA receptors were necessary for the network operation in the presence of strychnine
and bicuculline alone, although rhythmic bursting resumed in the presence of CNQX with
low doses of 5-HT, an agent known to increase excitability of spinal neurons (Takahashi
and Berger, 1990). Antagonists of NMDA receptors, in turn, slowed down but did not
suppress rhythmic activity in the majority of preparations. Furthermore, even in those
preparations in which such an antagonism eliminated bursting, rhythmic activity resumed
in the presence of cyclothiazide, an agent that was shown to be able to boost non NMD A
glutamatergic synaptic transmission in the neonatal rat spinal cord. Preliminary
experiments have also shown that 5-HT (5-20 uM) can counteract the effects of NMDA
receptor antagonists on disinhibited rhythmic activity (Bracci, Ballerini and Nistri,
unpublished data). One possible explanation of these data is that, in the presence of 5-HT
or cyclothiazide, glutamate release strongly increased within the rhythmogenic network
and that such an increase could have partially surmonted the blocking action of NMDA
or non NMDA antagonists. Nevertheless, this possibility is unlikely since such

antagonists were used at concentrations known to fully block synaptic responses
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mediated by respective receptors in the spinal cord (Pinco and Lev-Tov, 1993a);
furthermore, bath application of AMPA (1 uM) or NMDA (10 1UM), that produce very
strong firing activity in motoneurons in contro! se:lution, elicit no effect in the presence of
non NMDA or NMDA antagonists, respectively (Beato et al, 1997). Therefore, a more
probable explanation is that during block of non NMDA or NMDA receptors the
network operation could still be sustained by residual excitatory processes, provided that
the neuronal excitability was increased. Therefore, these data indicate that both NMDA
and non NMDA receptors supported the operation of the rhythmic network, and that
such an operation could persist, under conditions of increased excitability, as long as at
least one of the two receptor classes was functionally intact. In fact, in the simultaneous
presence of both NMDA and non NMDA antagonists, rhythmic activity was never
observed despite application of large doses of 5-HT; these data also suggest that other
excitatory synaptic processes not mediated by glutamate were unable to sustain rhythmic
activity regardless of the level of neuronal excitability. When glutamate-mediated
excitatory synaptic transmission was unperturbed, AMPA receptors appear to be the
predominant class to sustain rhythmic activity.

Interestingly, in another study similar results were found for fictive locomotion induced
by 5-HT in the same preparation. In this case, locomotor-like activity could still be
expressed in the presence of either NMDA or non NMDA receptor antagonists, provided
that the 5-HT dose was increased with respect to control conditions (Beato et al, 1997).
The role of glutamate receptors in the disinhibited spinal cord is somewhat different from
that played in the hippocampal bursting induced by block of GABA, receptors (glycine is
not a major inhibitory transmitter in hippocampus). In fact, in this preparation although
bursting requires AMPA receptors, NMDA receptor antagonism only impairs the late

phase of bursts (Brady and Swann, 1986; Traub et al, 1993).

Ejffects of cyclothiazide on motoneuronal activity

The effects of cyclothiazide, an agent known to attenuate AMPA receptor
desensitization (Partin et al, 1993; Patneau et al., 1993; Yamada and Tang, 1993) and to
favour glutamate release (Diamond and Craig, 1995; Isaacson and Walmsley, 1996;

Barnes-Davies and Forsythe 1995), were investigated in the rat spinal cord in order to
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evaluate the effects of boosting AMPA receptor responses on motoneuron activity
before and after block of synaptic inhibition. Potentiation by cyclothiazide has been
reported ic be limited to non NMDA glutamate receptors, since a concomitant
postsynaptic depression of NMDA receptors would compensate facilitatory presynaptic
effects (Diamond and Craig, 1995). In the neonatal rat spinal cord, cyclothiazide was
found to increase motoneuronal responses to AMPA while NMDA responses were
unaffected by this agent, either in the presence or in the absence of TTX. These data
suggest that under the present conditions motoneuronal NMDA receptors were not
strongly depressed by cyclothiazide. On the other hand, the persistence of the
cyclothiazide-induced potentiation of AMPA effects in TTX solution suggests that at
least in part cyclothiazide effect was taking place at the level of the motoneuron
membrane AMPA receptors. On motoneurons, cyclothiazide also largely enhanced
dorsal root-evoked EPSPs in amplitude and area. A gradual build-up of excitation
developed leading to intense, network-driven bursting activity. These data are compatible
with the proposed mechanism of action of cyclothiazide on glutamate release and on
AMPA receptor desensitization (a process that may develop fast enough to attenuate the
peak amplitude of glutamatergic responses; Colquhoun et al, 1992; Trussel et al, 1993).

The decay time constant of evoked synaptic currents has been found to be increased by
cyclothiazide at certain synapses (Trussel et al, 1993; Rammes et al, 1994). In the
present experiments cyclothiazide increased both the amplitude and the decay time
constant of spontaneous EPSPs in those preparations in which individual synaptic events
could be distinguished (and their decay could be fitted exponentially). These data might
suggest that desensitization played an important role in the decay of glutamatergic
EPSPs on motoneurons. Nevertheless, the decay time constant of DR evoked EPSPs
was not usually changed by cyclothiazide. Although in the present experiments
interneuronal activity was strongly depressed by mephenesin, DR stimulation probably
activated mono and oligosynaptic pathways. In fact, due to increased spontaneous
synaptic activity in the presence of cyclothiazide, a relatively strong intensity stimulation
was used in order to obtain evoked responses clearly distinguishable from baseline noise.
Under these conditions, even if desensitization was controlling the decay of

glutamatergic EPSPs in the spinal cord, the duration of DR evoked EPSPs might have



been determined by activation of complex synaptic pathways including inhibitory
interneurons, rather than by simple decay of monosynaptic glutamatergic events. This
view is supported by the ohservation that, despite the presence of mephenesin, in the
presence of strychnine and bicucuiline DR evoked responses were converied into long
burst-like events, therefore preventing an analysis in terms of amplitude and decay time
constant.

In the presence of cyclothiazide the excitation of any spinal neuron receiving
glutamatergic inputs would be expected to be boosted, leading to a modification in the
whole network activity. It is not obvious a priori if this should produce generalized
bursting activity because inhibitory interneurons also receive glutamatergic inputs
(Headley and Grillner, 1990) and might thus balance excessive excitation. In practice,
after application of cyclothiazide virtually all motoneurons displayed an increase in the
frequency of depolarizing spontaneous events. As previously mentioned, an important
effect of cyclothiazide was to cause spontaneous bursting of motoneurons. The poor
dependence of the burst duration and frequency on membrane potential indicates that
they were likely driven by a premotoneuronal network; since burst amplitude was also
poorly dependent on membrane potential it is likely that bursts were characterized by
intermixed activation of excitatory and inhibitory inputs to the motoneuron membrane.
Unlike NMDA or 5-HT induced patterns (Cazalets et al, 1992), cyclothiazide induced
bursting was irregular in onset and duration, suggesting that regular rhythmogenesis
cannot simply arise from a potentiation of non NMDA glutamate receptor responses
throughout the spinal networks. In the disinhibited spinal cord cyclothiazide accelerated
bursting activity while markedly decreasing the regularity of cycle period and burst
duration. Under these conditions, burst structure was essentially preserved. These data
suggest that AMPA receptor desensitization was not required for generating bursts and
intraburst oscillations. On the other hand, control of regular rhythmicity of the bursting
pattern by spinal networks appear to require normal operation of glutamatergié
transmission, since it was impaired under conditions in which AMPA receptor-mediated
responses were shown to be increased and glutamate release is also expected to be
favoured (Diamond and Craig, 1995; Barnes-Davies and Forsythe 1995; Isaacson and

Walmsley, 1996). Interestingly, as mentioned above, in the presence of cyclothiazide
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NMDA receptor antagonists failed to affect bursting frequency or duration. Since in the
absence of cyclothiazide NMDA receptors responses are characterized by kinetics much
siower e non NMDA receptors (Jonas and Sprasien, 1994), and since the two
receptor types are thought to be colocalized in spinal synapses (Kullmann, 1994), it is
possible that in the presence of cyclothiazide prolongation of AMPA receptor-mediated
responses could have compensated shortening of glutamatergic responses previously

induced by NMDA receptor antagonists.

4. Mechanisms underlying rhythmogenesis.

As discussed in the Introduction section, two cellular mechanisms that have been
proposed to underlie spinal pattern generation are based on reciprocal inhibition and/or
intrinsic pacemaker neurons (Grillner et al, 1991, 1995; Hochman et al, 1994a; Kiehn et
al 1996). It is clear that reciprocal inhibition, that is expected to be mediated by glycine
and/or GABA receptors (Grillner et al, 1991; Cowley and Schmidt, 1995), cannot
account for rhythmogenesis in the disinhibited spinal cord. As far as pacemaker neurons
are concerned, interneurons and motoneurons provided with intrinsic oscillatory
properties have been described in the rat spinal cord (Hochman et al, 1994a, 1994b). The
ability of these cells to produce a rhythmic behaviour was found to be critically
dependent on the activation of NMDA receptors on their membrane by exogenously
applied NMDA. Since in the present conditions rhythmic activity could always persist in
the presence of NMDA receptor antagonists, provided non-NMDA receptor responses
were potentiated by cyclothiazide, it is evident that NMDA-dependent pacemaker
fiearons were not necessary for this activity. These data prompted the investigation of
alternative mechanisms potentially involved in thythm generation in the absence of
synaptic inhibition. Several membrane mechanisms potentially involved in rhythmic

behaviour were tested in the presence of strychnine and bicuculline.

Role of apamin-sensitive conductances

In the lamprey spinal cord apamin-sensitive potassium conductances were reported to be

activated by intracellular calcium entry and thus to contribute to neuron repolarization
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and termination of intrinsic oscillations induced by NMDA (El Manira et al 1994),
although the function of these conductances in controlling fictive swimming remains
controversial ‘Meer and Duchanan 1992). Rar lumbar moioneurcns also possess a
sustained calciunsdependent potassium current (Takahasii 1990a). Nevertheless, in the
disinhibited spinal cord apamin sensitive conductances did not play a role similar to that
reported for lamprey. In fact, apamin reduced burst duration, instead of increasing it as
described in the lamprey, and increased burst frequency, suggesting that such
conductances were not the main burst-terminating factor. Carbachol, which is supposed
to block the slow calcium-dependent potassium current (Schwindt et al. 1988; Sah
1996), induced analogous effects. The origin of apamin and carbachol effects is presently
unclear. As discussed in the following subheading, many agents known to depolarize
spinal neurons were found to accelerate bursting in the disinhibited spinal cord. It is
possible to hypothesize that the increase in burst frequency observed in the presence of
apamin or carbachol could have been due to a tonic depolarization of rhythmogenic
interneurons induced by suppression of calcium-activated potassium conductances. This
issue remains however speculative since apamin failed to depolarize motoneurons and a
direct test of apamin effect on interneurons was not possible in the present experimental

conditions.

Role of caesium-sensitive conductances

An inward conductance activated by hyperpolarization, characterized by slow kinetics of
activation and de-activation and suppressed by extracellular caesium has been described
in several CNS cells including rat motoneurons, where it contributes to resting potential
(Takahashi, 1990b). In the disinhibited rat spinal cord caesium application did not
suppress bursting or intraburst oscillations but produced an increase in burst duration
without significantly affecting burst frequency. These results suggest that burst and
intraburst oscillations were not generated by a mechanism similar to that described in
thalamic neurons, where intrinsic oscillations take place due to a dynamic interplay
between caesium-sensitive, inward rectifier conductances and low threshold calcium
conductances (McCormick and Pape, 1990). Nevertheless, caesium-sensitive currents

appear to be involved in burst termination since burst duration was markedly increased



by caesium. A possible mechanism for this kind of action is discussed below. Since burst
termination was delayed but not suppressed by caesium, it is also clear that other factors
i additicx Lo caesiumesensitive currents wers mvoived in burst ternsination. Consistently
with previous observation (Takahashi, 1990b), intracellular recordimgs revealed thar
motoneurons were hyperpolarized in the presence of caesium; this finding shows that
also in the presence of strychnine and bicuculline caesium sensitive inward conductances

were significantly activated at resting potential.

Role of the electrogenic sodium pump

Several findings obtained in other CNS preparations stimulated testing the role of the
electrogenic sodium pump in the disinhibited spinal cord. In hippocampal neurons such a
pump can produce a large amplitude hyperpolarization following a glutamate-induced
depolarization similar in amplitude and duration to the present spinal bursts (Thompson
and Prince, 1986). Furthermore, the electrogenic sodium pump has been recently shown
to play an important role in the repolarizing phase of intrinsic oscillations induced by
NMDA in midbrain dopamine neurons (Johnson et al, 1992; Li et al 1996) and a strong
activation of the electrogenic sodium pump resulting in a hyperpolarizing current can
also take place during seizures in cortical neurons (Ayala et al, 1970). These data
suggested that such a pump could also have played a role in the present rhythmic
phenomenon. In fact it was possible to hypothesize that, like in the case of hippocampal
neurons depolarized by glutamate, a burst was accompanied in rhythmogenic
interneurons by a massive influx of sodium and that such an influx could have markedly
increased the pumping rate (Thomas, 197.; Thompson and Prince, 1986). Such an
electrogenic process in turn, would be expected to affect the network behaviour. In the
disinhibited spinal cord, where rhythmicity was preserved in the presence of apamin or
caesium, pharmacological block of the electrogenic sodium pump by ouabain,
‘strophantidin or potassium-free solution always produced a profound disruption of the
rhythmic pattern, so that burst duration and interburst intervals became extremely
irregular and unpredictable. While ouabain effects were irreversible (Canessa et al 1992),
during strophanthidin wash-out bursting activity slowly returned to a regular rhythm.

potassium-free experiments gave similar results although with much slower onset (>40



min), presumably due to the buffering ability of spinal cells that can long counteract
depletion of extracellular potassium (Czeh et al, 1988). A comparably slower action of
the patassium-free solutions vs vuabain i ble- Ling a delsyed hyperpolarization of spin!
newrcns wnediated by the sodium pump activity has also been observed by Davidoff and
Hackman (1980). In the present study, after 1 h exposure to potassium-free solution,
bursts were converted into single discharges of variable amplitude, lacking any intraburst
structure and appearing at irregular intervals. It should be noted that, even if ouabain
eventually led to loss of motoneuron excitability, disruption of rhythmic bursting was
observed long before such a loss took place and under conditions in which DR
stimulation could still elicit bursting events of variable duration. These data suggest that
when the electrogenic sodium pump was pharmacologically blocked the network still
possessed the ability to generate large-amplitude bursting events but lacked the ability to
control duration and periodicity of such events. Therefore it appears that the electrogenic
sodium pump played a major role in pacing rhythmic activity. The possibility that loss of
rhythm regularity could be due to non specific effects on molecular targets different from
the electrogenic sodium pump is unlikely since similar effects were obtained separately
by blocking the electrogenic pump by three pharmacological tools acting through
different molecular mechanisms on the same substrate (Horisberger et al. 1991; Glynn,
1993).

While it is reasonable to assume that, as observed in other preparations, the electrogenic
sodium pump in the disinhibited spinal cord contributed to repolarize spinal interneurcns
after their ionic gradients had been dissipated, a more specific interpretation of the data
so far described in terms of cellular mechanisms will require some assumptions regarding
the rhythmogenic factors in the disinhibited spinal cord. In fact, any tentative explanation
of the experimental findings is complicated by the observation that, as discussed above,
rhythmic activity appeared to be produced by a premotoneuronal network, while

experimental access was limited to motoneurons.

A tentative model for rhythmogenesis in the absence of synaptic inhibition.

The observation that rhythmic behaviour observed in the neonatal rat spinal cord after

pharmacological block of synaptic inhibition cannot be easily explained by reciprocal



94

inhibition or intrinsic pacernaker neurons, and the prominent role of the electrogenic
sodium pump stimulated the formuiation of a tentative maudel that could account in
quebitative terms for some of the cxperimentat findings In this framework it wii b2
hypothesised herc that a burst was a synchronous event in the disinhibiica spinal cord.
This hypothesis implies that all elements of the premotoneuronal thythmogenic network
underwent a burst simultaneously, performing all together rhythmic depolarizations
similar in timecourse to that observed in motoneurons. This view is supported by the
strong degree of synchrony of bursting activity over several lumbar segments. It is
therefore unlikely that bursting could result from a circuit in which excitation travelled
along certain neuronal pathways, thus activating motoneurons “en passant”, a hypothesis
that is also hardly compatible with long quiescent intervals observed (Streit, 1996).
Further support to the assumption that bursts took place synchronously in the
rhythmogenic network arises from comparison with data obtained in the hippocampal
slice, where block of synaptic inhibition by application of the GABA, antagonist
picrotoxin elicits rhythmic bursts that are similar to those described in the present study
because they comprise a first depolarizing shift followed by several intraburst oscillations
(that are termed “secondary bursts”), as shown in the example of fig 1.8 of the
Introduction section. In hippocampal slices bursts and intraburst oscillations have been
found to take place synchronously in pyramidal neurons even though separated by
considerable distances (Traub et al, 1993; Taylor et al, 1995).

For hippocampal bursting it !:as been proposed that in the absence of synaptic inhibition.
rapid spread of excitation is gencrated by recurrent excitatory connections of CA3
pyramidal neurons, so that a burst can be initiated by firing activity of a few cells, or even
of a single neuron (Miles and Wong, 1983; Traub et al, 1993). While the synaptic
organization of the interneuronal networks in the neonatal rat spinal cord is still
unknown, it is tempting to speculate that a similar recurrent excitatory connectivity could
have underlain spinal bursting as well. Under this assumption it is feasible that
synchronous excitation could be induced by an autoregenerative, positive-feedback
process in which firing activity of mutually interconnected interneurons produces
synaptic depolarization in the same population of cells; such a depolarization, in turn, will

increase neuronal excitability thus inducing further firing activity and so on. This kind of



positive feedback is proposed here to underlie the initial depolarization that characterize
burst onset and the depolarizing phases of the foilowing intraburst oscillations. In this
perspective, an imposiar: questie: concernc e factors determinmng iterminttion o
mutual excitatic:: process and counsequent repolarization ot network elements. For
hippocampal bursting it has been proposed that during mutual excitation of pyramidal
neurons an increase in intracellular calcium may activate an outward potassium current.
that in turn may gradually decrease neuron excitability thus terminating the depolarizing
process (Traub et al, 1993). In the present experiments apamin or carbachol application
failed to prolong burst or intraburst oscillations. It cannot be excluded, however, that
other potassium conductances activated by calcium and insensitive to these agents (Sah.
1996) could have played a role in terminating mutual excitation. Another possible
determinant of the repolarization process is voltage-dependent inactivation of fast
sodium conductances (Hille 1994). In fact, it is likely that depolarization of interneurons
should have gradually inactivated their sodium channels, thus reducing the amplitude of
action potentials and eventually preventing their generation. This phenomenon could
have contributed to mutual excitation termination; consequent shutting off of excitatory
synaptic conductances would have determined neuron repolarization. During the
repolarizing phase sodium channels inactivation is expected to be gradually removed.
thus allowing neurons to resume their firing ability. If a sufficient number of cells started
firing at a certain time during the repolarization phase, mutual excitation would be
triggered again and a new intraburst oscillation would begin. While a direci verification
of the role of sodium channels inactivation will require recordings from rhythmogenic
interneurons, this view is supported by the observation that in motoneurons the
depolarizing phase of the intraburst oscillations was characterized by a series of few
action potentials whose amplitude gradually decreased when depolarization increased.
while firing activity was usually absent during the repolarizing phase, as shown in fig
D.1. Regardless of the factors responsible for mutual excitation termination and
repolarization, it could be argued that this kind of process should give rise to persistent
oscillations at constant frequency. Nevertheless, within each burst oscillations decreased
in frequency and eventually terminated. This observation suggests that during a burst an

additional process decreasing interneuron excitability could have gradually developed. A
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possible candidate for such a process would be an outward current gradually activated
during each burst. It is proposed here that such a current could have been generated by

&

the clecirogeznic sedwm pumnp, that produces an outward curreni by exiruding
approximately three Na* for every twy X' taken in (Posi et al, 1967) and is highly
sensitive to internal sodium, with pumping rate approximately proportional to
intracellular sodium concentration (Thomas, 1972). As mentioned above, in CAl
pyramidal neurons focal glutamate application, giving rise to depolarizing events
comparable in amplitude and duration to spinal bursts, was followed by electrogenic
sodium pump-induced afterhyperpolarizations > 10 mV that persisted for tenths of s
(Thompson and Prince, 1986). In the disinhibited spinal cord bursts were mainly
mediated by glutamatergic inputs; it is therefore reasonable that during a burst a strong
sodium influx took place in spinal neurons through cation-permeable glutamate receptors
and through voltage-activated sodium-permeable channels. Like in hippocampal neurons.
this influx could have gradually activated the electrogenic sodium pump in spinal
interneurons, thus producing an outward current responsible for decrease in oscillation
frequency and eventually for burst termination. In this case one would expect that bursts
should have been followed by an afterhyperpolarization in the elements of the
rhythmogenic network. In motoneurons a similar afterhyperpolarization was not
observed. Nevertheless, it must be considered that spinal interneurons have a soma
diameter much smaller than motoneurons (Lev-Tov and O’Donovan 1995) and therefore
a larger surface-to-volume ratio. Thus, assuming the same membrane density of
glutamate receptors with the same degree of activation during a burst, interneurons
would have undergone a much larger increase in sodium concentration than motoneurons
during such an event. This increase in sodium concentration, in turn, could have
produced an increase in pumping rate, that would have persisted until the normal sodium
concentration was reached. The resulting outward current could have underlain burst
termination and maintenance of long quiescent periods between bursts. This view is
supported by the fact that the duration of electrogenic sodium pump-induced
afterhyperpolarization in hippocampal neurons is comparable to quiescent intervals in the
disinhibited spinal cord. As suggested by Thompson and Prince (1986), the

afterhyperpolarization mediated by the electrogenic sodium pump can be considered as a
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self-regulating process since it will spontanecusly terminate when sodium concentration
is restored. In the disinhibited spinal cord recovery from such an afterhyperpolarization
could have aliowed some element of tie rhythmogenic network o r=iame then Tiring
ability thus triggering a Hew Lurst

Another factor contributing to shift the net membrane current in outward direction could
have been slow de-activation of caesium-sensitive inward rectifying conductances. In
fact, caesium application strongly prolonged burst duration. Caesium-sensitive,
hyperpolarization-activated cationic conductances that are open at resting membrane
potential in motoneurons (Takahashi, 1990b), could have become slowly de-activated
during a burst, due to persistent depolarization. A similar process is known to underlie
repolarization of intrinsic oscillations in thalamic neurons, in which the depolarizing
phase is due to activation of low-threshold calcium conductances (McCormick and Pape,
1990). Similarly, in the disinhibited spinal cord, de-activation of inward rectifying
conductances could have produced a net hyperpolarizing influence contributing, together
with electrogenic sodium pump activity, to burst termination.

Another factor potentially involved in intraburst oscillation frequency decrease and in
burst termination is synaptic depression, as proposed by Streit (1993) for rat embryo
organotypic slices and by Chub and O’Donovan (1996) for the chick embryo spinal cord.
In the neonatal rat spinal cord synapses impinging on motoneurons from DR afferents or
interneurons are well known to undergo a profound frequency-dependent synaptic
depression, that can persist for intervals as long as 60 s (Lev-Tov and Pinco, 1992; Streit
et al. 1992). In organotypic slices in which bursting activity is induced by strychnine or
bicuculline, involvement of synaptic depression in burst termination has been suggested
by several observations. In this preparation bursts are separated by quiescent intervals
and are detected on motoneurons as repetitive clusters of EPSPs appearing at a
frequency of about 5 Hz. The amplitude of such EPSP clusters has been shown to
decline during an individual burst with a timecourse similar to that of EPSPs evoked by
repetitive focal stimulation of interneurons. Furthermore, burst duration and amplitude of
the first (and larger) EPSP of either spontaneous or evoked bursts have been found to be
positively correlated to duration of the quiescent interval preceding the burst. These data

has suggested that burst length is determined by an activity-dependent buildup of
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synaptic depression in the spinal networks; such a buildup is in fact expected to require
less time if a burst initiates when synaptic efficacy is still recovering from previous
- activity. Since burst duration is not correlated to the duration of the following quiescent
interval, it also appears that burst initiation is not determined by recovery from synaptic -
depression (Streit, 1993). In the intact spinal cord, burst amplitude was remarkably
constant for a given preparation and did not depend on the duration of the preceding
quiescent interval both for spontaneous or evoked bursts. Nevertheless, saturation of
synaptic receptors on the motoneuron membrane during a burst could have masked
synaptic depression, that is considered to be mainly due to presynaptic factors (Lev-Tov
and Pinco, 1992; Streit et al, 1992). A consistent correlation between burst duration and
the preceding interburst interval was not found during spontaneous bursting.
Furthermore, it was possible to elicit a burst of normal amplitude and duration as early as
0.5 s after termination of the preceding spontaneous burst. A strong correlation between
burst duration and stimulation period (in the range 2-20 s) was always found when bursts
were driven by repetitive activation of DR or VL fibres. The reason of the discrepancy
between the effects of single or repetitive stimulation on evoked burst duration are
presently unclear. Collectively, these findings do not rule out the possibility that synaptic
depression played a role in burst termination, although, unlike organotypic slices, direct
evidence for such a role is not currently available for the neonatal rat spinal cord. Since
agents able to interfere selectively with synaptic depression are not currently available.
testing this hypothesis will require experimental access to the rhythmogenic network.

Regardless of the cellular mechanisms responsible for burst termination, these data
indicate the rhythmogenic network was not in an absolutely refractory state after the end
of a burst. Strong reduction of burst duration during repetitive stimulation supports the
view that accumulation of certain “state variables” intrinsic to the rhythmogenic network
(such as intracellular sodium concentration, de-activation of inward rectifier
conductances or synaptic depression) occurred during a burst and was responsible for its
termination when such variables reached certain “high” critical levels. Recovery from
accumulation of these state variables should have taken place during the quiescent
periods, so that these variables returned to their “low” values before the onset of the next

burst. If the network was forced by repetitive external inputs to generate a new burst
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before complete recovery occurred, burst duration was reduced because the state
variables had not returned to the “low” values and therefore they reached more rapidly
the “high” critical values at which network operation was impaired.

A final verification of the present model, as well as of any other model of spinal pattern
generation will be possible only when the rhythmogenic network is identified in terms of
its cellular elements and its synaptic organization and when a number of its elements can

be recorded simultaneously.

5. Pharmacological modulation of rhythmic bursting.

Rhythmic bursting in the disinhibited spinal cord was accelerated in a dose-dependent
manner by NMDA, 5-HT and increases in extracellular potassium concentration. While
these manipulations act through different cellular mechanisms, they are all expected to
depolarize spinal neurons thus increasing their excitability (Mayer and Westbrook, 1987,
Takahashi and Berger, 1990; Sqalli-Houssaini et al, 1993). In all cases, burst acceleration
was accompanied by a marked reduction in burst duration. As discussed in a later
subheading, these observation are of functional significance since the frequency of
locomotor patterns elicited in the same preparations by 5-HT or NMDA also depends on
the concentration of these agents (Cazalets et al, 1992; Beato et al, 1997); furthermore,
fictive locomotion induced by neurochemicals is accelerated in a dose-dependent manner
by increasing extracellular potassium concentration (Sqalli-Houssaini et al 1993).

The reason why these agents accelerated bursting activity in the disinhibited spinal cord
is still to be determined. A tentative explanation in qualitative terms can be found in the
framework of the model proposed in the previous subheading for rhythmogenesis in the
absence of synaptic inhibition; in this case it has been hypothesized that after a quiescent
period a new burst will be triggered when some elements of the network resume firing
after termination of the hyperpolarization induced by the electrogenic pump (and possibly
by other factors). It is feasible that when neuron excitability was increased by agents such
as 5-HT, NMDA or high potassium, interneurons tended to start firing action potential
earlier during the quiescent period. Therefore, such a firing activity could have triggered
a'burst before extrusion of sodium excess was complete. In this case, in the presence of

one of the accelerating agents, at the onset of each burst internal sodium concentration
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would have been larger than in the presence of strychnine and bicuculline alone. As a
consequence, sodium concentration would have reached more rapidly the critical value at
which the activity of the electrogenic sodium pump is strong enough to terminate a burst.
This kind of process could then account for concomitant reduction of burst duration and
cycle period observed in the presence of 5-HT, NMDA or high potassium. In this way
the effects of depolarizing agents on the network operation would have been similar to
those of repetitive stimulations, with the difference that in the former case an early burst
triggering signal would have been generated by elements intrinsic to the rhythmogenic

network instead of arising from extrinsic synaptic inputs.

6. Entrainment of rhythmic bursting by afferent synaptic inputs.

DR or VL fibre stimulation entrained spontaneous bursting within a wide range of
periods (usually 2-20 s). Decreasing the stimulus interval to <2 s led to loss of
entrainment with unexpected return of spontaneous bursts (identical to those found in
the absence of stimulation) superimposed with electrically evoked reflexes.

DR stimulus intensities just above threshold for short-latency synaptic responses were
sufficient to elicit a burst virtually identical to spontaneous ones. Single pulses merely
reset the bursting pattern which then resumed its normal activity; in this case increasing
pulse intensity from 1 to 4xT progressively reduced burst latency with no change in burst
amplitude or structure. Since a single juxta-threshold DR stimulus delivered during the
quiescent period generated a spontaneous-like burst, it appears that a relatively small
synaptic input could re-activate burst generation. These property are consistent with the
view that bursts were produced by an autoregenerative mechanism that needed a small
triggering input to start its operation that was then self-sustained for a given time.
Shorter latencies produced by increasing stimulus strength might be eXplained by the
larger number of neurons recruited by stronger afferent input activation, resulting in a
faster build-up of mutual excitation through the network.

With repetitive stimulation at periods comparable with (or larger than) the spontaneous
cycle period, a spontaneous burst regularly developed after each evoked one at the same
interval observed in the absence of stimulation. This finding suggests that a burst (either

spontaneous or evoked) activated a mechanism that kept the network silent for about 30
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s (but was readily overcome by afferent synaptic inputs). As mentioned above, active
extrusion of sodium appear as a likely candidate for this self-regulating mechanism.

Like spontaneous ones, evoked bursts were always simultaneousiy observed on both
sides of the spinal cord. Since longitudinal hemisection of the spinal cord preserved
rhythmic activity in right and left halves, the present experiments confirm that, although
each hemicord possessed an autonomous rhythm generating network, these networks
were strongly coupled in the intact, disinhibited spinal cord.

Lowering the stimulation period (at constant intensity) entrained bursts which became
progressively shorter without changes in their amplitude. The cellular mechanisms giving
rise to this phenomenon have been discussed above in the light of the proposed model for
pattern generation in the absence of synaptic inhibition. From a functional point of view,
this property demonstrates the strong plasticity of the rhythmogenic network that
enabled it to follow relatively fast external inputs on a 1:1 basis without altering the burst
peak amplitude. Such a behaviour is somehow opposite to frequency-dependent
depression observed in control solution for DR-evoked EPSPs, in which repetitive
stimulation strongly decreases amplitude but not duration of motoneuronal responses
(Lev-Tov and Pinco, 1992). It is interesting that bursts never fused together to generate
an ictal-like sustained depolarization as described for feline spinal motoneurons in vivo in
which, unlike rat motoneurons in vitro, intrinsic postsynaptic conductances also play a
major role (Schwindt and Crill 1984).

In the neonatal rat spinal cord in vitro, when the pulse period was below 2 s, the scenario
suddenly changed since polysynaptic reflexes were still present in VRs, entrainment
ceased and spontaneous bursting (independent from stimulation) resumed. These data
were obtained with fixed stimulus intensity through the range of stimulation periods. In
the range 1-2.5xT, bursts evoked by strong pulses retained essentially the same structure
as those elicited by weak pulses although they remained entrained even at much lower
stimulus periods. In other words, an increase in stimulus intensity reduced the ability of
bursts to escape entrainment. Further increases in stimulus strength did not change
entrainment. It is noteworthy that comparable data were also observed when stimulating
the VL tract, indicating that the possibility to entrain bursting was not a peculiarity of

DR fibres. The current data can be explained by postulating the existence of afferent



polysynaptic pathways (subserving reflex activity recorded from motoneurons) distinct
from a spontaneously active rhythmogenic network (fig D.2). The presence of a distinct
thythmogenic network can be inferred from the present data showing spontaneous
bursting recommencing independent from polysynaptic reflex activity at low stimulation
periods. Hence, it is proposed that in the absence of inhibition rhythmogenesis was not a
common property of the whole spinal circuitry, but was generated by a specialized
network. Since DR or VL stimulation could drive bursting activity, it is clear that such a
rhythmogenic network should receive mono or polysynaptic excitatory inputs from DR
and VL afferent fibres. In the framework of the model proposed for rhythmogenesis. a
burst was generated when such a synaptic input was strong enough to elicit firing activity
in a sufficient number of elements of the rhythmogenic network, thus triggering the
mutual excitation process. An idealized diagram of simplified connections m the
disinhibited spinal cord is shown in fig D.2. According to this scheme the DR and VL
afferents, via mono or polysynaptic pathways involving interneurons (Int), are distributed
to the motoneuron pool (MN) as well as to the rhythmogenic network. This arrangement
can thus account for burst entrainment and resetting by electrical stimulation of DR or
VL fibres. Since closely-spaced stimuli to DR or VL afferents could not entrain bursts,
they were therefore deemed unable to drive the rhythmogenic network, whose activity
was expressed as re-emergence of spontaneous bursts with superimposed reflexes.

The question then arises why entrainment failed at periods below 2 s. This might be due
to either an intrinsic inability of the rhythmogenic network to follow fast stimuli or a
decreased strength of the synaptic inputs impinging on the rhythmogenic network: in the
latter case the afferent input would have been unable to bring rhythmogenic network
neurons to spike threshold and thus to trigger burst generation. Such a decrease might be
explained by postulating frequency-dependent depression of the synapses linking fibre
afferents to the rhythmogenic network. As far as the monosynaptic DR-'evbked reflex is
concerned, synaptic depression is known to occur at stimulation intervals lower than 60 s
(Lev-Tov and Pinco, 1992). Indirect support for a role of synaptic depression in the
present experiments comes from the observation that the lowest entrainment period was
further reduced when the stimulus .strength was raised, thus presumably recruiting a

larger number of fibres which compensated for diminished synaptic efficacy. VL-evoked



monosynaptic EPSPs of motoneurons do not however display frequency dependent
depression (Pinco and Lev-Tov 1994). Hence, either VL fibres impinging on
rhythmogenic network have properties dificient from those reaching motoneurons, or
part of VL and DR afferents impinge on a common interneuronal target (see postulated
projection indicated by dashed lines in Fig. 2) that in turns sends frequency-sensitive
connections to the rhythmogenic network. The latter hypothesis is supported by the
finding that VL descending tracts share some common targets with DR afferents both in

cat (Maxwell and Jankowska, 1996) and in rat (Antal et al. 1996) spinal cord.

7. Localization of the rhythmogenic networks in the disinhibited spinal cord.

Selective lesions of the neonatal rat spinal cord have revealed that: 1) removal of
segments rostral to L3 had no effects on burst frequency and duration although more
than two segments were necessary to preserve regular rhythmicity; 2) gradual midsagittal
splitting of the spinal cord from the caudal end increased the variability of burst
frequency but not of burst duration; 3) gradual midsagittal splitting from the rostral end
had similar effects on burst variability and tended to reduce burst duration; 4) bilateral
synchronicity between the activity of the two L5 ventral roots persisted even when
connections cross remained intact only at a distance of several segments (either rostrally
or caudally); 5) after complete separation of the spinal cord into left and right hemicords,
both sides continued to perform independently rhythmic bursting at different rates, even
if this lesion increased burst frequency variability and decreased burst duration; 6)
ablation of the tissue dorsal to the central canal did not affect burst frequency but
resulted in reduction of burst duration; 7) while the characteristic structure of bursts with
several oscillations was usually retained following the above-mentioned lesions, in the
case of the ventral quadrant preparation bursts were converted into simple single-
discharge events at higher frequency. These data show that the rhythmogenic network
was distributed along the longitudinal axis at lumbar level in the disinhibited spinal cord
and that the minimal neuronal network necessary for this rhythmic activity was contained
within a single ventral quadrant spanning over few lumbar segments. Data obtained with
gradual midsagittal hemisections show that, although left and right hemicords

individually possessed the ability to generate rhythmic bursts, the whole disinhibited
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Fig D.2. Idealized scheme of minimal synaptic connections able to account for spontaneous
bursting and its entrainment in the presence of strychnine and bicuculline.

It is postulated that VL tracts project to motoneurons (MN) (via mono and polysynaptic pathways),
to the rhythm generator (RG) and to an unidentified pool of excitatory interneurons (Int). Similar
arrangements are presumed to exist for the DR afferents activated by relatively small intensity, short
duration electrical shocks. The dashed lines indicate the more hypothetical nature of those
projections which are postulated only as one possible explanation to account for the similar loss of
entrainment at low periods of stimulation observed with DR or VL stimulation. The scheme should
simply be considered as an operational diagram for the most parsimonious explanation of
spontaneous bursting and entrainment. Note that, due to pharmacological block of CI-mediated
inhibition, inhibitory interneurons are omitted from the scheme.
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spinal cord behaved as a strongly coupled oscillator even when large part of side-to-side
connections were eliminated. These data suggest that a rhythm generating network
corresponding to the one present-d i fiy .2 ceuld be contaiped in each ventral hern
and distrtbuted along «il the lumbar segments of the cord.

Either longitudinal hemisection or removal of dorsal horns resulted in decreased burst
duration (while bursts preserved their oscillatory structure), while the cycle period was
not significantly different from the unlesioned preparation. In the isolated ventral
quadrant, burst were extremely short and lacked intraburst oscillations; in this case cycle
period was also significantly shorter than in the intact cord. These data suggest that burst
duration critically depended on the dimensions of the rhythmogenic network. It is
possible that during dorsal horns ablation part of the ventral horn tissue was also
damaged. Therefore, even if rhythmic ability was confined to ventral horns, part of the
rhythmogenic network could have been removed by dorsal horns ablation. Combination
of this lesion with midsagittal hemisection, that per se reduced burst duration, gave rise
to an isolated ventral quadrant and further reduced the dimension of the network bv
eliminating side-to-side connections. Consistently, in the isolated ventral quadrant burst
duration was shorter than with one of the other two lesions.

In organotypic cultures of the rat spinal cord, in the presence of strychnine or bicuculline
tangential lesions have been shown to affect separately burst duration and burst
frequency (Streit, 1996). In that case burst frequency and burst duration tend to decrease
when part of the tissue is removed, although in certain cases a decrease in frequency can
be accompanied by an increase in burst duration. These data has suggested that burst
initiation could be due to periodic activation of some spontaneously active cells, while
burst duration could be determined by reverberation of activity in the rest of the network
(Streit, 1996). In this light, removal of a portion of spontaneously active cells would
decrease burst frequency, while removal of a part of the reverberating network would
decrease burst duration. In the intact cord, selective lesions did not decrease burst
frequency. In the model proposed in the previous subheadings it is assumed that each
intraburst oscillation began when some elements of the rhythmogenic network resumed
firing during the repolarizing phase of the preceding oscillation. In this model these

neurons play a role similar to that proposed by Streit for spontaneously active cells in



organotypic slices, although in the yresent case it is not possible to establish whether
such a role was played by a particular class of cellc or by any element of the
rhytiimogenic network. 1f we agsume that sewons able to trigger a new oscillation w..re
distributed acinss the rhythmogenic network, it musi be expected thai a reduction in the
size of such a network would decrease the probability that a new oscillation is generated:
as a consequence, number of intraburst oscillations and burst duration would also be
reduced. Under the assumption that a strong sodium influx took place during each burst,
this implies that in a lesioned preparation, due to reduced duration each burst should
have been accompanied by a less conspicuous accumulation of intracellular sodium. This
would be expected to decrease the time required for sodium extrusion and therefore the
duration of the quiescent intervals and cycle period. Such a reduction in cycle period was
observed in the isolated ventral quadrant, but not in the hemisected or dorsal horn-
ablated preparations. Nevertheless, it should be considered that a decrease in the number
of neurons able to trigger mutual excitation is also expected to decrease the probability
that a new burst is initiated after a quiescent period, and this phenomenon could have
compensated the shorter time required for sodium extrusion.

In the isolated ventral quadrant, bursts were reduced to a single-discharge event without
intraburst oscillations. These data suggest that in such a preparation the probability of the
rhythmogenic network to be excited again after the initial depolarization was extremely
low. On isolated spinal cords or lesioned preparations in which intraburst oscillations
were still present, 5-HT »r NMDA always produced a concomitant decrease in cycle
period and burst duration. In the case of isolated ventral quadrants these drugs only
enhanced burst frequency without changing burst duration. These findings are consistent
with the observation that in intact preparations 5-HT or NMDA decreased burst duration
by lowering the number of intraburst oscillations rather than decreasing their duration.
that was poorly affected by these agents (see fig R.13 and R.14 of the Results section).
Similarly, in the isolated ventral quadrant in which bursts were reduced to a single

oscillation, their duration, unlike their frequency, was not affected by 5-HT or NMDA.
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8. Possible functional relevance of rhythmic bursting in the absence of synaptic
inhibition.

A very importani is&vie coneatns iic relation hetween rhythmic activity in the absence of
synaptic inhibition and other patterns that can be observed iin the same preparation under
different pharmacological conditions and are more directly related to motor activities of
the animal in vivo. As discussed in the Introduction section, several agents can induce
rhythmic bursts in the neonatal rat spinal cord, including 5-HT, NMDA and their
combination (Cazalets et al, 1992; Sqalli-Houssaini et al, 1993; Rossignol and Dubuc.
1994; Kjeerulff and Kiehn 1996; Cowley and Schmidt, 1997). Although these patterns are
characterized by alternating activity of left and right lumbar ventral roots at various
segmental levels, recordings from nerves of extensor and flexors hindlimb muscles have
revealed that 5-HT- but not NMDA- induced patterns include flexor-extensor
alternation, as expected for a locomotor-like activity (Cowley and Schmidt, 1994b, 1997:
Kiehn and Kjaerulff, 1996). In addition to this difference between NMDA and 5-HT
induced patterns, lesion studies have suggested that 5-HT-sensitive rhythmogenic
networks are located rostrally to L1/L2 segments (Cowley and Schmidt, 1997, Cazalets
et al, 1995), while NMDA-sensitive rhythmogenic networks are also present in more
caudal lumbar segments (Cowley and Schmidt, 1997). In partial contrast to these
findings, Kjaerulff and Kiehn (1996) have reported that a combination of 5-HT and
NMDA can induce alternating activity also in a few isolated caudal lumbar segments
(L2-L6). It is still to be clarified whether alternating rhythmic activitics observed under
different pharmacological conditions are generated by spinal networks using different
rhythmogenic mechanisms (a view favoured by Cowley and Schmidt, 1997) or whether
they are produced by the same spinal oscillator(s), in which different phase-couplings can
be induced by different agents (as proposed for lower animal species by Harris-Warrick
and Marder, 1991). The present findings raise an additional related question, namely
whether synchronous rhythmic bursting induced by strychnine and bicuculline was
generated by the same neural oscillators activated by 5-HT or/and NMDA in control
solution or whether synchronous and alternating activities are produced by independent
neural mechanisms. The experimental findings obtained in the present study do not allow

a definite answer to this important issue. Nevertheless, a number of pharmacological and
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anatomical analogies between synchronous rhythmic bursting in the absence of synaptic
inhibition and alternating patterns can be .nderlined. Alternating pattern frequency has
been shown to he ponitively 2otrelated to either 5-HUT or NMDA concerration (Cuzalets
et al, 1992; Beato et al, 1997); Cazaleis «i 2! 11992) have roported that in the presence of
5-HT (25-100 uM), alternating burst period vary between 13 and 6 s, while in the
presence of NMDA (10-40 uM) it changes between 3.5 and | s. With lower doses of 5-
HT (2.5-30 uM ), Beato et al (1997) have reported that alternating burst period varies in
the range 8-3 s. In the presence of strychnine and bicuculline spontaneous cycle period
was markedly larger with respect to these values. Nevertheless, synchronous bursting
was easily accelerated in a dose-dependent manner by either 5-HT or NMDA up to
frequencies overlapping those observed with these agents in control solution (see fig
R.13 and R.14 of Results section). Furthermore, like alternating patterns induced by 5-
HT plus NMDA (Sqalli-Houssaini et al, 1993), rhythmic bursts in the absence of synaptic
inhibition were accelerated in a dose-dependent manner by increasing extracellular
potassium, and their period was <10 s at § mM potassium concentration in the absence
of any other excitatory agent. Another common feature of synchronous bursting and 5-
HT-induced alternating patterns is that, like disinhibited rhythmic activity, 5-HT patterns
appear to rely on glutamatergic transmission but they can still be expressed in the
presence of either NMDA or non NMDA receptor antagonists provided that neuronal
excitability is increased (Beato et al, 1997). As far as lesion studies are concerned, it
must be ncted that the anatomical distribution of the rhythmogenic networks in the
disinhibited spina! cord is similar to that of the networks generating alternating patterns
in response to 5-HT plus NMDA. In fact, such patterns can still be expressed after
ablation of dorsal horns or after midsagittal hemisection and are generated by a
segmentally distributed network (Kjaerulff and Kiehn, 1996). A similar laminar and
segmental disfribution was also found for the spinal networks generating flexor-extensor
alternating patterns in the chick embryo (Ho and O’Donovan, 1993).

On the basis of these analogies, it is tempting to speculate that rhythmic bursts in the
disinhibited spinal cord could have been generated by the same spinal oscillators that give
rise to alternating behaviours in the presence of 5-HT or NMDA. It has been proposed

that the spinal network responsible for rhythmic limb movements is composed by a
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number of oscillators (termed “unit burst generators™), each driving one or few synergist
muscles acting on a given joint (Grillner, 1981). According to this view, different phase-
coupling of such oscillators might give rise to disparate rhythmic pétterns underlying
relevant rhythmic behaviours. In the neonatal rat spinal cord, it has been suggested that
left-right and extensor-flexor oscillators are linked by inhibitory and excitatory
connections acting in parallel, since alternating patterns evoked by excitatory agents can
be converted into synchronous ones by application of either strychnine or bicuculline
(Cowley and Schmidt, 1995; 1997). A similar transformation from alternating to
synchronous patterns following application of inhibitory amino acids antagonists have
also been reported in other preparations, including lamprey and chick embryo spinal cord
(Hagevik and McClellan, 1994; Sernagor et al, 1995). The present findings, obtained in
the presence of a complete block of inhibitory processes, might suggest that synaptic
inhibition is not required for the intrinsic operation of the spinal oscillators, that could be
composed by purely excitatory networks. In the absence of synaptic inhibition, excitatory
links between various spinal oscillators would be prevalent, resulting in a strong in-phase
coupling across the cord. On the other hand, in control solution inhibitory connections
between oscillators would tend to prevail, giving rise to left-right (and in some cases
extensor-flexor) alternation.

Furthermore, it is possible that an extrinsic inhibitory control is exerted on spinal
oscillators, as suggested by Cazalets et al (1994). Suppression of such an inhibitory
control by strychnine and bicuculline could then explain why in the presence of these
antagonists spontaneous rhythmicity did not require the presence of excitatory agents,
that instead are needed to produce alternating patterns in the presence of synaptic

inhibition.

9. Conclusions

The present study has investigated synchronous rhythmic activity that appears
spontaneously in neonatal rat motoneurons when chloride-mediated synaptic inhibition is
pharmacologically blocked throughout the cord. The findings that the collective
behaviour of spinal neurons, far frbm becoming chaotic uhder this conditions, turns into

an extremely fegular pattern that can be strongly modulated by several chemical agents
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also implicated in locomotor activity and is preserved after ablation of large portions of
neuronal tissue, enlighten a non obvious feature of spinal networks and can provide new
insight into the complex field of spinal pattern generation. The present experiments have
addressed several issues concerning rhythmogenesis in the absence of synaptic inhibition,
that appears to be driven by a premotoneuronal network in which glutamatergic
transmission plays an essential role; on the basis of the experimental findings a tentative
explanation of such a behaviour in terms of mutual excitation of a kernel of spinal
interneurons has also been proposed here. Nevertheless, an exhaustive understanding of
spinal pattern generation (either in the absence or in the presence of synaptic inhibition)
in terms of cellular and network mechanisms will require development of new
experimental approaches, that are expected to identify the neural substrate of rhythmic
activity and its synaptic organization.

The physiological implications of the present findings remain to be determined. In
particular, it will be essential to clarify whether this activity is generated by the same
oscillators involved in the generation of other spinal patterns (in particular locomotor
ones), a view that is favoured but certainly not demonstrated by the present findings. The
observation that the network generating such a behaviour can be easily entrained by
rhythmic afferent synaptic inputs and can adapt the duration of its output to external
input frequency is of potential interest to the field of the interaction between sensory and
supraspinal afferent fibres and spinal pattern generation.

Apart from functional implications, block of synaptic inhibition provides a large
experimental simplification of the overwhelming and poorly understood complexity of
spinal circuitries, and therefore supplies a pharmacological tool to investigate those
properties of the spinal networks that rely upon excitatory connections only and that can

be masked by synaptic inhibition in control solution.
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